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In this thesis, the inert gas leak evolution problem in electroless-plated palladium-based 
composite membranes has been revisited. Palladium was doped with a higher melting point 
element such as ruthenium or platinum and the rate of increase of the nitrogen leak in the 
temperature range of 500-600 ºC was determined. The results showed that doping Pd with Pt or 
Ru significantly reduces the leak growth rate compared to a pure Pd membrane by almost one 
order of magnitude. The addition of Ru to Pd was sufficient to lower the leak growth rate, though 
the hydrogen permeance stability was not improved. The Pd-Pt alloy membrane, despite having a 
lower hydrogen permeance, had a stable hydrogen flux at higher temperatures. 
The influence of high temperature annealing (> 640 ºC) on the thermal stability of pure 
Pd composite membranes was also investigated in order to correlate between thermal stability 
and microstructural evolution.  Pure Pd composite membranes were subjected to different high 
temperature annealing processes. It was found that employing such heat treatments improved the 
thermal stability of the membranes when operated at lower temperatures; evidenced by a 
suppression of the rate at which hydrogen selectivity towards nitrogen declined over time.  SEM 
images of the microstructural evolution as a function of temperature revealed that porosity, 
which is typically present in as-deposited electroless plated films, is significantly reduced after 
heat treatment. 
Thermal stability was also evaluated in actual steam methane reforming (SMR) 
environments.  Thin film (~5.0 µm thick) Pd-Ru and Pd-Au composite membranes were 
fabricated and used to carry out SMR over commercial Ni or Ru based catalysts at temperatures 
iv 
 
> 480 °C and pressures up to 2.9 MPa.  The conversions obtained (≥ 80%) were significantly 
higher than the thermodynamic equilibrium predicted (< 35%) for the feed composition at these 
process conditions.  
The long term operation (> 500 hours) revealed the potential suitability of these Pd-alloys 
to be candidates for use in SMR membrane reactors at temperature as high as 600 °C. The 
permeate hydrogen flux and methane conversion were stable and the hydrogen permeate purity 
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High temperature inorganic hydrogen membrane technology is being investigated to 
perform many applications, including the hydrogen separation needed for co-generation of 
electric power from fossil fuels or biomass gasification while simultaneously concentrating and 
capturing CO2 [5, 6].  Among the various types of hydrogen separating inorganic membranes, 
hydrogen-permeable metal membranes made of palladium (Pd) and its alloys are the most widely 
studied due to their high hydrogen permeability and theoretically infinite hydrogen 
permselectivity [6-11]. 
When integrated into a catalytic reactor for hydrogen production, such as in the case of 
Steam methane reforming (SMR), Pd-based membranes can selectively permeate out hydrogen 
from the catalyst bed causing the reaction to proceed in a non-equilibrium mode that favors the 
formation of additional product (H2). Furthermore, such configuration implies reduction in 
capital and operating costs (operating at much lower temperatures), as well as the elimination of 
additional hydrogen purification units downstream of the reforming and shift reactors [12, 13]. 
Several examples of SMR in membrane reactors exist in the literature, and a selected 
summary is presented in Table 1.1. As suggested by these sources, Ni-based catalysts are the 
most commonly used, most likely due to their low cost.  However, using a more active catalyst, 




Table 1.1 Selected membrane reactor data from the literature for steam methane reforming (SMR) with steam-to-carbon ratio of 3.0 




























Pd/Al2O3 4.5 12.6 500 0.10 2.09E-03 Ni 692 vacuum 76 70 0.13 
[14] Pd/Al2O3 13.0 12.6 500 0.10 9.50E-04 Ni 692 vacuum 72 65 0.13 
Pd/Al2O3 22.0 12.6 500 0.10 5.08E-04 Ni 692 vacuum 66 58 0.12 
Pd/PSS 20.0 11.0 500 0.10 - Ni 224 0.100 43 - 0.05 
[4] 
Pd-Ag/PSS 10.0 11.0 500 0.10 - Ni 224 0.100 51 - 0.06 
Pd-Ru 100 1.2 500 0.10 1.10E-04 Ni 39 0.400 80 - 0.04 [15] 
Pd-Ag 50 15.3 450 0.12 2.00E-05 Ni 141 0.002 60 - 0.01 [16] 
Pd/PSS 11.0 21.0 523 0.10 1.11E-03 Ni 105 1.300 82 - 0.03 
[17] 
Pd/PSS 6.0 20.0 500 0.10 1.99E-03 Ni 105 1.300 77 - 0.03 
Pd/PSS 8.0 15.0 500 0.10 1.11E-03 Ru 187 1.300 86 90 0.03 [2] 
Pd/Al2O3 4.0 15.7 550 0.90 6.60E-03 NiO 3994 0.590 99 95 0.62 [18] 
Pd-alloy 15.0 9.4E4 540 0.90 2.00E-03 Ni - None 80 86 0.05 [19] 
Pd/Al2O3 3.8 155.0 550 2.50 3.71E-03 Ni 184 0.130 91 71 0.10 [20] 
Pd-alloy 7.3 93.3 550 0.80 2.15E-03 Ni - None 68 62 0.06 [21] 
Pd 11.0 35.8 600 1.60 1.70E-03 Ni - None 37 43 0.60 [22] 
Pd-Ru/PSS 5.0 13.3 580 2.90 2.70E-03 Ni 491 None 85 80 0.43 Chapter 5  
Pd-Au/PSS 5.0 16.1 482 2.80 2.23E-03 Ru 185 None 80 80 0.07 
Chapter 6 Pd-Au/PSS 5.0 16.1 511 2.80 2.39E-03 Ru 185 None 94 82 0.14 





conventional equilibrium reactor (CR) because of the lower temperature of operation and the 
reduced tendency for coke formation when hydrogen is removed from the reaction space [23-25]. 
Membrane reactor performance, however, is normally limited by the membrane’s surface area, 
hydrogen partial pressure driving force, membrane’s permeance, reactor design and reaction 
kinetics [26-28]. 
Globally, a large fraction of the 50 million tons of hydrogen generated annually is 
produced via SMR. Most of it is produced on-site and immediately used in large ammonia, 
chemical or petrochemical plants [29]. Methane is a very stable molecule and SMR is an 
endothermic process favored kinetically by high temperatures and thermodynamically by low 
pressures because of the increase in volume [30]:   
CH4 + H2O ⇌ CO + 3H2      (ΔH = 206 kJ/mol)                                (1.1) 
The conventional process requires more reactors downstream to perform the water-gas 
shift (WGS) reaction at lower temperatures, because the conversion in each stage is limited at 
best to the thermodynamic equilibrium: 
CO + H2O ⇌ CO2 + H2      (ΔH = -41 kJ/mol)                                           (1.2) 
 The WGS reaction also takes place simultaneously with SMR in the membrane reactor, 
providing up to four moles of hydrogen for each mole of methane reacted: 
CH4 + 2H2O ⇌ CO2 + 4H2     (ΔH = 165 kJ/mol)                                (1.3) 
Equilibrium reactors for the SMR are usually operated with outlet temperatures ranging 
from 800 to 950 °C, requiring very costly materials of construction such as high Ni-steel alloys 
[31]. Fortunately, higher conversions can be obtained in a membrane reactor at much lower 




measured 86% methane conversion at 500 °C, 100 kPa feed pressure, a steam/carbon (SCR) of 3 
and space velocity of 187 L/h/kg.  For comparison, the equilibrium conversion at these same 
conditions is < 40%. 
The extent of equilibrium shift (or conversion enhancement) in a membrane reactor is 
proportional to the rate that hydrogen can be removed from the reaction zone.  Therefore, the 
higher the membrane’s hydrogen permeance, the greater the methane conversion is at fixed set of 
operating conditions. In an equilibrium reactor, higher pressure would result in lower methane 
conversion because of the net increase in the number of moles of products (Equation 1.3). 
Furthermore, in a membrane reactor with a highly permeable hydrogen selective membrane, 
higher pressures will increase the driving force for hydrogen permeation, and methane 
conversion should increase, even though more moles of gas are produced and Le Chatelier’s 
principle predicts lower conversion [32].  
Despite these attractions, robust and affordable membrane materials still need to be 
developed in order to be extensively used in industry for separating and purifying hydrogen 
under what is considered to be harsh operating environments; both chemically and thermally. 
The use of Pd-based membranes has been restricted to a few high-value-added applications in the 
nuclear and semiconductor industries due to the high cost and limited durability, especially at 
temperatures ≥ 500 °C [7]. At these temperatures, Pd-based thin film composite membranes 
usually suffer from loss in permselectivity during long-term operation [8, 33]. 
The number of studies on the long-term thermal stability of supported thin film Pd-based 
membranes is somewhat limited [33-45]. Previous research [8, 33] revealed that the self-




plated Pd-based composite membranes. Increases in hydrogen permeability and/or chemical and 
thermal stability have been realized by alloying Pd with elements such as Ag, Cu, Au, Pt, In, Ru, 
Y and Rh [46-53]. The most prevalent membrane alloy, Pd-25Ag (all compositions here are 
given in wt.% unless otherwise noted) has relatively low strength and is susceptible to grain 
growth, making it unsuitable for long term operation at temperatures ≥ 450 ºC [5, 54].  In a 
recent study, Zeng et al. [55] attributed the growth of the nitrogen leak in thin Pd-Ag membranes 
to a mechanical stress caused by the shrinkage and expansion of the alloy lattice during several 
hydriding/dehydriding cycles at temperatures down to 100 ºC.  Peters et al. [43, 56] observed a 
rapid growth in the nitrogen leak for a 2.6 µm thick Pd-23Ag membrane prepared by magnetron 
sputtering at temperatures of 375 ºC and above. In another study, Okazaki et al. [42] noticed an 
appreciable decline in the hydrogen flux through a 2.1 µm thick Pd-20Ag/Al2O3 composite 
membrane when operated at a temperature of 600 ºC.  They attributed this observation to the 
migration of metallic Al from the metal/ceramic interface into the bulk metal forming a less 
permeable Pd-Ag-Al ternary alloy. 
The overall objective of this thesis is to further address the thermal stability problem 
typically observed in thin supported Pd-based composite membranes prepared by the electroless 
plating method; especially when operated at temperatures representative of industrial 
applications of interest such as SMR. Membrane fabrication methods, testing and 
characterization are described in detail in Chapter 2. 
In Chapter 3, one approach to address the thermal stability problem typically observed in 
thin supported Pd-based composite membranes at temperatures of 500 ºC and above is described. 




the membranes was investigated. Previously developed electroless plating methods for 
simultaneously co-depositing Pd-Ru alloy [57]  and sequentially depositing Pd-Pt alloy [58] 
membranes were used to create < 10 µm thick films on porous zirconia coated stainless steel 
supports (AccuSep®, Pall Corp.). The long-term thermal stability of these Pd-Ru and Pd-Pt alloy 
composite membranes was investigated at temperatures as high as 600 ºC. 
In Chapter 4, another approach is described where five major points related to thermal 
stability will be investigated: (1) the effect of long term operation on the thermal stability of pure 
Pd composite membranes as a function of thickness, (2) whether the rate of decline in selectivity 
ultimately approaches zero at a given temperature, (3) the influence on thermal stability of 
performing a high temperature annealing step above the Tamman temperature of pure Pd 
[~0.5Tmelting (K), where Tmelting is the melting point of Pd (1,555 °C)], (4) the effect of the gas 
environment on the thermal stability of the membranes and (5) the evolution of the 
microstructure as a function of temperature.   
Chapter 5 reports the long-term thermal stability of a thin, Pd-Ru composite membrane 
used in a membrane reactor to perform steam reforming of methane at ~ 580 °C and feed 
pressures up to 2.9 MPa. 
 Lastly, Chapter 6 aims at reporting the long-term thermal stability of a thin, Pd-Au 
composite membrane used in a membrane reactor to perform steam reforming of methane at 
temperatures between 480 °C and 580 °C and feed pressures up to 2.8 MPa. Conclusions and 





CHAPTER 2  
EXPERIMENTAL METHODS 
 
This Chapter discusses the synthesis, testing and characterization of the Pd-based 
composite membranes described in this thesis. 
2.1 Membrane supports 
Thin films of Pd or Pd-alloys were deposited by the electroless plating method on top of 
tubular, asymmetric porous ceramic or ceramic/stainless steel substrates purchased from either 
Praxair, Inc. or Pall Corporation, respectively. The outer diameter of both types of substrates is 
~1 cm. The Pall Accusep® substrates consist of 10-30 µm thick layer of porous yttria-stabilized 
zirconia (YSZ) deposited on top of porous stainless steel (PSS). The YSZ layer reduces the pore 
size of the PSS allowing for the deposition of relatively thin membrane films (< 7 µm).  It also 
acts as a diffusion barrier between the SS components and the membrane film when operated at 
high temperatures (> 450 °C).  The mean pore diameter is about 0.07 µm, and the porosity of this 
layer is approximately 30% as specified by the manufacturer.  The Praxair® supports on the other 
hand have an asymmetric structure made of porous yttria (3 mole%) stabilized zirconia (3YSZ).  
The average pore size for the Praxair® substrates is approximately 0.35 µm as specified by the 
vendor. 
Regardless of the support type, the as-received supports were cleaned to remove loose 
ceramic particles or other impurities by soaking in ethanol and/or acetone followed by rinsing 




Standard compression fittings (Swagelok®) with either stainless steel or graphite ferrules 
were used to seal the support ends after membrane deposition.  The reliability of the seals was 
verified by performing a visual inert gas test before and after testing the membranes to ensure 
leak-free fittings.  In this test, the lumen side of the plated support was pressurized with nitrogen 
(or another inert gas) and the membrane and its fittings were immersed in a low surface tension 
liquid - such as ethanol.  If no leakage was observed from the membrane’s end-fittings then it 
was deemed to be suitable for testing.  
2.2 Membrane synthesis 
The electroless plating technique was used to synthesize all the Pd-based membranes 
described in this thesis.  Prior to depositing Pd, substrates were activated to “seed” the surface 
with Pd nucleation sites.  In this process, the membrane substrate was sprayed with a solution of 
Pd-acetate in chloroform using an air brush.  Once a visually uniform deposition was achieved, 
the membrane was fired at 350 ºC for 5 hours in air (beyond the decomposition temperature of 
the Pd-acetate) to decompose the organic ligand, leaving behind a layer of nanocrystalline Pd 
oxide which is reduced in a basic, dilute hydrazine solution to form Pd nanocrystals on the 
surface. These nanocrystals act as catalytic nucleation sites during electroless plating of the 
membrane film. Once this step is completed, Pd can then be deposited.  The plating process was 
repeated until the desired Pd film thickness and quality, in terms of the inert gas leak rate, were 
obtained.  Table 2.1 shows the activation, reduction and plating recipes for Pd and some of its 
alloys. 
Pd alloy thin films were also fabricated by electroless plating.  These alloys were either 




of electroless plating steps was repeated to form a multilayer structure whereby alloys with 
various compositions were fabricated once the membrane is properly annealed to form a 
homogeneous alloy.   
 
Table 2.1 Activation, reduction and electroless plating recipes for Pd, Pt, Pd-Ru and Au 
Component Units Activation Reduction Pd Pt Pd-Ru Au 
Palladium (II) acetate, 99% pure g/L 33      
Chloroform, HPLC grade mL/L 1000      
Deionized water mL/L  606 599 990 499 1000 
28-30 wt.% ammonium hydroxide mL/L  394 394 10 312  
37 wt.% hydrochloric acid mL/L   11  10  
Palladium (II) chloride, 99% pure g/L   2.7  2.2  
Diammine platinum solution, 5 wt.% Pt  g/L    7.5   
Ruthenium chloride trihydrate g/L     0.4  
Gold chloride trihydrate g/L      1 
Sodium hydroxide g/L      10 
Hydrazine (1 M) mL/L  10 10 10 10  
Plating temperature ºC  55 55 60 70 60 
Deposition rate µm/h   3 0.5 2 0.04 
 
Figure 2.1 shows an example of a Pd-Au alloy membrane during different synthesis 
stages. The plating process itself took place in a flow housing configuration, where a heated 




electroless plating apparatus is shown in Figure 2.2. The plating solution volume to membrane’s 
surface area ratio was kept constant at 3.3. 
 
 
Figure 2.1 Porous asymmetric YSZ support from Praxair® (bottom), activated for electroless 
plating (2nd from bottom), coated with a thin film of Pd (3rd from bottom), Pd coated with Au (4th 
from bottom) and annealed (top).  The scale shown is in inches. 
 
 





2.3 Membrane testing 
Once a membrane without any detectable leakage at room temperature (nitrogen 
permeance < 1.0E-12 mol/m2/s/Pa) was produced, it was mounted in compression fittings 
(Swagelok®) and installed in a testing module that has a shell and tube configuration similar to 
the one shown in Figure 2.3. All permeance values reported in this thesis were calculated from 
the slope of the flux vs. driving force [8]. 
 
 
Figure 2.3 Schematic of the module used for testing membranes. 
 
The module was centered inside an electric tube furnace to control the temperature. The 
feed gases (Industrial grade; > 99% pure) were fed to the shell side and the hydrogen permeated 
through the membrane to the tube side.  Membranes were heated in flowing nitrogen and the 
permeate flow was measured using a digital bubble flow meter at ambient conditions in Golden, 
CO (~82 kPa).  The feed pressure was controlled with a back-pressure regulator installed on the 





2.3.1 Permeation Characterization  
Membrane performance was first evaluated by pure gas permeation measurements. Both 
temperature and pressure cycling were employed under alternating hydrogen and nitrogen feed 
streams. Membrane testing normally started with initial measurements whereupon the 
temperature was varied between 400-550 ºC and the feed pressure was changed from 137.9-
689.5 kPa. The permeate side was kept open to atmosphere. 
The evolution of hydrogen permeance and nitrogen leak was monitored for extended 
periods of time at a given temperature.  The nitrogen leak rate was measured periodically 
(typically once daily) with a pure nitrogen feed; when no measurements were taken; the 
membrane was left under flowing hydrogen at a 50 kPa pressure differential. 
2.3.2 Mixed gas testing 
After the pure gas tests, selected membranes deposited on Pall Accusep® substrates were 
exposed to synthetic water-gas shift (WGS) mixtures.   A list of the membranes that were tested 
in the WGS environment, along with the operating conditions and gas compositions, will be 
discussed in Chapter 4.  The permeate was continuously monitored using a California Analytical 
Instruments, Inc. ZRE FTIR gas analyzer that was calibrated for 0-5,000 ppm of CH4, CO and 
CO2 using a certified gas mixture standard.  These ppm values were converted to percentages 
and then used to calculate the permeate hydrogen purity.  More detailed information about the 
operation of the mixed gas testing unit can be found elsewhere [59]. It is worth mentioning that 
metallic substrates (Pall Accusep®) were chosen for membrane synthesis for the mixed gas 




Graphite ferrules typically used with ceramic supports can potentially degrade under the testing 
environments described in Chapter 4, causing leakage from the membrane seals. 
2.3.3 Membrane reactor testing 
After pure gas testing and/or annealing, a reforming catalyst was packed around two Pd-
alloy composite membranes in order to evaluate the performance under SMR environments 
(Chapters 5 and 6). Two types of catalysis were used for two different experiments: 30 wt.% 
Ni/Al2O3, AR-401 from Haldor-Topsøe (Chapter 5) and 0.5 wt.% Ru/Al2O3 from Strem 
Chemicals (Chapter 6). 
The catalysis were crushed and sieved to a -40+60 mesh and a final volume of 47.3 cm3 
(52.3 g) of the Ni-based catalyst and 40 cm3 (31.8 g) of the Ru-based catalyst were used in the 
membrane reactor (MR) modules (Figure 2.3). Two SS mesh discs (100 mesh) were used to 
support the catalyst bed in the annular space around the membrane, using a shell with an OD of 1 
inch (2.54 cm). The catalyst bed extended a few centimeters above the active area of the 
membrane (upstream) to ensure that some methane reforming took place to prevent the back-
diffusion of hydrogen from the permeate before the reaction mixture contacted the active area of 
the membrane [60].  The catalyst was preactivated in flowing hydrogen at 550 ºC for 48 hours 
before beginning the SMR experiments.  
As mentioned earlier, a typical membrane reactor performance test often first involved 
evaluation of the module's output using pure hydrogen to establish a baseline flux and pure inert 
gas tests to measure the initial leak rate. Then, an equimolar mixture of hydrogen/inert gas was 
used to optimize the feed flow rate required to achieve the desired hydrogen recovery. Following 




at each condition while measuring the flow rate and composition of both the permeate and 
retentate streams, along with other key parameters such as temperature and pressure.  
Industrial grade bottled methane (≥ 99.5% pure) was metered into the system using 
electronic mass flow controllers. Steam was generated by using a high-performance liquid 
chromatography pump (HPLC) to pump water into a heated tube.  The pressurized feed gas 
(CH4) and steam were then thoroughly mixed and pre-heated prior to injection into the MR 
module. The steam to carbon ratio (SCR) was kept constant at 3 as Chen and coworkers [61] 
observed no coke deposition at a SCR of 2.7.  The feed lines were insulated and heated to 
prevent the feed gas mixture from cooling before entering the MR module. The pressure of the 
retentate stream was controlled using a back pressure regulator, while the pressure of the 
hydrogen permeate collected in the membrane's lumen was left at local atmospheric pressure. No 
sweep gas on the permeate side was used. 
The MR module was heated using a split tube-furnace up to the test temperature under 
flowing argon. A thermocouple (Type J; Omega) was inserted through stainless steel 
compression fittings on each end of the module to measure the temperature of the feed gas that 
entered the annular catalyst bed between the membrane and the tube wall at the top of the 
membrane, and the temperature of the permeated hydrogen inside the lumen at the center of the 
membrane. The temperature inside the lumen was kept constant during the entire testing 
duration. 
After exiting the reactor, both permeate and retentate streams passed through water 
cooled tube-in-tube heat exchangers to quench the gas and condense out the steam. The knock-




flow meters were used to measure the steady state flow rates of the retentate and permeate 
streams. Slipstreams from both streams were sent to either an on-line non-dispersive FTIR 
analyzers (California Analytical Instruments) (Chapter 5) or gas chromatograph (SRI 
Instruments model 8610 GC) equipped with a 6' Haysep D column and TCD (Thermal 
Conductivity Detector) (Chapter 6) to continuously measure the CO, CO2 and CH4 content. In 
addition, temperature and pressure were continuously recorded. All waste gases were exhausted 
from the system into a dilution duct and stacked. 
2.4 Membrane characterization 
Membranes were characterized with various analytical instruments and methods to 
determine properties such as their thickness, composition, morphology and microstructure. The 
specific details of each analysis technique are described below.
  
2.4.1 Scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS) 
Samples were imaged in a Quanta 600 FEI ESEM (Chapters 3, 4 and 6), Hitachi TM-
1000 SEM (Chapter 3) and/or JEOL 6500 FESEM (Chapters 4 and 5) in secondary and/or back-
scattered electron modes at accelerating voltages of 5-30 kV. The Pd-based film was imaged 
while it was still attached to the tubular support or after it was removed to avoid problems with 
focusing on a curved surface.  Some membranes were also sectioned using a diamond saw, 
mounted in epoxy, and polished using an automatic grinding and polishing system (Buehler). 
Successively finer diamond pastes were used with a final polish that consisted of 0.05 µm 
alumina. Some films were analyzed by EDS (by averaging at least 5 different spot scans); both 
surface and cross-section line scans were carried out to estimate the Pd-alloy composition. 




2.4.2 X-ray fluorescence (XRF) 
A Fischerscope XDLM-C4 X-ray fluorescence (XRF) spectrometer was used to the 
measure bulk composition as well as the Pd-based film thickness. 
2.4.3 Inductively coupled plasma atomic emission spectrometry (ICP-AES) 
After conducting the non-destructive tests on the Pd-based films as described above, a 
small piece (3-20 mg) of the film was homogenized by dissolution in 50% aqua regia until no 
solid particles were observed. Chemical analysis by ICP-AES was conducted on selected tested 
membranes at an independent laboratory (Huffman Laboratories, Inc., Golden, CO) to verify 
primary metal contents and to ensure that the percentage of alloying metal in the Pd-alloy 
matched the quantity targeted during preparation by electroless plating. 
2.4.4 X-ray diffraction (XRD) 
Pieces of selected membranes were taped to a sample mount and XRD analysis was 
conducted using a Scintag Theta/Theta XDS2000 X-ray diffractometer  with a Cu target X-ray 






THE INFLUENCE OF THE DOPING ELEMENT ON THE THERMAL STABILITY OF 
PALLADIUM-BASED COMPOSITE MEMBRANES 
 
In this chapter, the inert gas leak evolution problem in electroless-plated palladium (Pd)-
based composite membranes is investigated. Pd was doped with a higher melting point element 
such as ruthenium (Ru) or platinum (Pt) and the thermal stability of the membranes was 
evaluated. Pd, Pd-Ru and Pd-Pt composite membranes were synthesized by the electroless 
plating techniques described in Chapter 2 and the rate of increase of the nitrogen leak in the 
temperature range of 500-600 ºC for these membranes in a pure hydrogen atmosphere was 
determined. The results showed that doping Pd with Pt or Ru significantly reduces the rate at 
which the nitrogen leak increased compared to a pure Pd membrane by almost one order of 
magnitude. The effect of these Pd-alloys on the hydrogen permeance stability at high 
temperatures (≥ 550 ºC) was also investigated. The addition of a trace amount, less than 1 wt.%, 
of Ru to Pd was sufficient to enhance the thermal stability of pure Pd membrane by lowering the 
nitrogen leak growth rate, though the hydrogen permeance stability was not improved. The Pd-Pt 
alloy membrane, despite having a lower hydrogen permeance, had a very stable hydrogen 
permeation flux at higher temperatures (up to 600 ºC).  
3.1 Introduction 
The number of studies on the long-term thermal stability of supported thin film Pd-based 




associated with the use of Pd-based membranes in SMR catalytic reactors, there are still some 
issues that prevent this technology from being fully commercialized, such as the long term 
thermal stability and the chemical tolerance of these membranes in real-world mixed gas and 
reactor environments.  Guazzone and Ma [33] showed that pure Pd membranes are susceptible to 
loss of permselectivity due to the formation of pinholes when operated at temperatures of 500 °C 
and above (i.e. operating regimes where Pd lattice expansion is not an issue). Their work 
suggested that the leak evolution mechanism in electrolessly plated pure Pd composite 
membranes has to do with the self-diffusion of Pd which is a thermally activated process. They 
found that the activation energy for the increase in the helium leak rate had the same order of 
magnitude as the activation energy for the self-diffusion of Pd. The correlation between the 
activation energy for metallic diffusion and the metallic diffusion coefficient has been described 
in terms of the simple lattice theory for diffusion in solids [62]. Thus, the suppression of the self-
diffusion of Pd should result in more thermally stable membranes according to the simple lattice 
theory, at least theoretically. 
Pd-Ru alloy membranes have been used for many different applications because of the 
alloy’s higher hydrogen permeability, strength and catalytic properties [15, 63-79]. Alloying Pd 
with Ru (even in trace amounts; < 0.5 wt.%) results in higher strength and increased mechanical 
stability in hydrogen environment [57, 80-82]. Gryaznov et al. [83] observed the alloying of Pd 
with Ru results in a very stable alloy at temperatures up to 550 ºC and that the mechanical 
strength of this alloy exceeds that of pure Pd by a factor of 5. Gade et al. [57] observed that Pd-
Ru membranes were 80% harder than pure Pd membranes fabricated by electroless plating. Ru 




crystallization temperature of Pd; the addition of 6 wt.% of Ru to Pd results in a 177 ºC increase 
in the re-crystallization temperature to 900 ºC. Re-crystallization should be avoided because it 
causes a decrease in hardness and strength [80]. 
Pd-Pt alloy composite membranes were also shown to be thermally and chemically stable 
at temperatures up to 450 ºC in both pure gas and synthetic water-gas shift (WGS) mixtures 
containing up to 1 mol% CO [84] and Pd-Pt membranes also have some tolerance to H2S [49, 
50]; however, the long term thermal stability of such membranes have not been investigated at 
temperatures of 500 ºC and above. 
In this Chapter, it is desired to further address the thermal stability problem typically 
observed in thin supported Pd-based composite membranes prepared by the electroless plating 
method, especially when operated at typical steam methane reforming (SMR) membrane rector 
temperatures of 500 ºC and above. Pd was doped with a higher melting point element such as Ru 
or Pt and the thermal stability of the membranes was investigated. As discussed in Chapter 2, 
previously developed electroless plating methods for simultaneously co-depositing Pd-Ru [57] 
alloy and sequentially depositing Pd-Pt alloy membranes were used to create < 10 µm thick films 
on porous zirconia coated stainless steel supports (AccuSep®, Pall Corp.) [84]. The long-term 
thermal stability of these Pd-Ru and Pd-Pt alloy composite membranes was investigated at 
temperatures up to 600 ºC in pure gas environment. 
3.2 Membrane synthesis 
Table 3.1 shows a summary of the membranes fabricated and tested in this investigation. 










































CSM 304 14.74 4.9 Pd 5.1 - - - 500 141 3.1 & 3.2 
CSM 474H 13.04 4.9 Pd 4.7 - - - 550-600 256 3.3 
CSM 493H 13.08 6.0a Pd-Ru 6.0 < 3b 0.6b 0.3 500-600 435 3.4 
CSM 498H 13.88 4.4 Pd-27Pt 3.9 31 30 28 500-600 867 3.5 
CSM 473H 12.71 6.3 Pd-17Pt 6.4 16 19 19 500-600 339 3.8 
 
a Pd and Ru were co-deposited, therefore composition by mass gain cannot be determined.  ICP-AES was used to determine the composition of 
membrane which was found to be 0.3 wt%.  The density of Pd was used to estimate the thickness of the Pd-Ru membrane gravimetrically.  
b The minimum detection limit of the XRF used in this study was 3 wt% Ru (by using Pd-Ru alloy control samples with known compositions 
when the instrument was calibrated).  Surface EDS is also not a very accurate technique for determining the Ru composition in Pd-Ru films (due 





Two Pd-Pt alloy membranes with compositions of 17 and 27 wt.% were synthesized by 
alternating layers of pure Pd and Pt, and one Pd-0.3Ru membrane was fabricated by the co-
deposition method. The thicknesses and compositions were determined gravimetrically and are 
summarized in Table 3.1. In preparing these membranes, the thickness was approximately 5 ± 1 
µm and all of these membranes had a room temperature nitrogen leak permeance of < 7.19E-12 
mol/m2/s/Pa before testing. 
3.3 Pure-gas permeation characterization 
Measurements of the pure gas flux as a function of driving force through the membrane is 
a common procedure utilized to gain insight about the membrane’s permeance at a given 
temperature.  Figure 3.1 shows an example of the hydrogen permeation flux vs. driving force at 
different temperatures (400-550 ºC) for the 4.9 µm thick, pure Pd membrane (CSM 304). The 
slope of the fitted linear function at a given temperature is the permeance, which is a measure of 
the membrane's performance at a specific set of conditions. This permeation characterization was 
conducted for all of the membranes listed in Table 3.1. These measurements provided insight 
about the relative hydrogen permeability of a given alloy relative to a pure Pd control membrane. 
Additionally, it allowed the establishment of a baseline for the long-term hydrogen permeance 
stability at a given temperature (to track the change in hydrogen permeance over the duration of 
membrane testing). 
3.4  Long-term thermal stability studies 
A pure Pd membrane with a thickness of 4.9 µm (CSM 304) was fabricated as a control 
to benchmark the performance of the Pd-alloy membranes. The long-term permeance data for 




a slowly increasing nitrogen leak. Unlike the pure Pd membranes synthesized by Guazzone, et al. 
[33], the leak growth rate of CSM 304 was lower by at least one order of magnitude. 
 
 
Figure 3.1 Hydrogen flux characterization for the 4.9 µm thick pure Pd membrane (CSM 304). 
The given slopes represent the hydrogen permeances at the indicated temperatures. 
 
 
Figure 3.2 Hydrogen permeance (diamonds) and nitrogen leak (circles) evolution for the 4.9 µm 





It is important to mention here that Guazzone and Ma [33]  used helium to quantify the 
leak evolution rate at a given temperature. In order to make a valid comparison, their leak growth 
rates were divided by a factor of 2.65 assuming that both nitrogen and helium permeate through 
defects in the Pd-based membrane mostly via the Knudsen diffusion mechanism. The fact that 
the leak evolution rate of the pure Pd membranes synthesized in this work has lower value than 
those fabricated by Guazzone and Ma [33] may be attributed to differences in the synthesis 
methods such as using a tin (Sn)-free support activation procedure in this study. Sn has a very 
low melting point (232 ºC), lower than the typical operating temperatures of pure Pd membranes. 
Paglieri, et al. [38] investigated the influence of the support activation method on the high 
temperature stability of Pd-based composite membranes. They observed that when using the 
generally practiced electroless plating process involving the two-step activation of their supports 
with Sn chloride sensitizer and Pd(II) chloride, the ideal H2/N2 separation factor (pure gas flux 
ratio) declined substantially when tested at 550 ºC for several days, depending on the membrane 
thickness. Membranes activated by using a Sn-free bath (similar to the method used in the 
current investigation), however, showed more stable performance under similar testing 
conditions.  
An experimental upset (power outage) caused the pure Pd membrane (CSM 304) to be 
damaged after approximately 140 hours of testing at 500 ºC which prevented the collection of 
additional data at temperatures higher than that temperature.  A second 4.9 µm thick (CSM 
474H) pure Pd membrane was synthesized and tested in a similar fashion to membrane CSM 304 
in the temperature range (550-600 ºC), as shown in Figure 3.3.  This Figure gives insight on the 




grew at relatively high rates and the hydrogen permeance was declining as a function of time at 
both temperatures.  
 
 
Figure 3.3 Hydrogen permeance (diamonds) and nitrogen leak (circles) evolution for the 4.9 µm 
thick pure Pd membrane (CSM 474H) at 550 and 600 ºC. 
 
In order to investigate the influence of either Ru or Pt additions to Pd, a 6.0 µm thick co-
plated Pd-0.3Ru membrane (CSM 493H) and a 4.4 µm thick Pd-27Pt membrane (CSM 498H) 
were synthesized. The complete set of long-term permeance data for the Pd-0.3Ru (CSM 493H) 
membrane is shown in Figure 3.4 and the data for the Pd-27Pt membrane (CSM 498H) are 
shown in Figure 3.5. The hydrogen permeance for the Pd-0.3Ru membrane (CSM 493H) follows 
a similar trend to the pure Pd membranes (CSM 304 and CSM 474H); it has almost the same 
permeance value but starts to decline at temperatures of 550 ºC and above. The nitrogen leak 
evolution, however, is slightly lower at temperatures below 550 ºC and significantly lower (at 
least one order of magnitude) at 550 ºC than the pure Pd membranes synthesized in this work. 




improve the membrane's thermal stability by lowering the leak evolution rate, however, it did a 
little to improve the hydrogen permeance stability. 
 
 
Figure 3.4 Hydrogen permeance (diamonds) and nitrogen leak (circles) evolution for the 6.0 µm 
thick Pd-0.3Ru membrane (CSM 493H) in the temperature range (500-600 ºC). The Ru 
composition was determined by the ICP-AES after testing. 
 
Gryaznov, et al. [81] reported the addition of Ru in trace quantities (0.1-0.5 wt.%) to 
binary Pd-alloys increase the alloy’s mechanical strength during operation at temperatures 
greater than 550 ºC. Yet, they reported hydrogen permeabilities for Pd-Ru alloys that were 
higher than that of pure Pd. Wang, et al. [86] also demonstrated that the minor addition of Ru (1 
wt.%) to a Pd-Ag binary alloy significantly increases its permeability as well as its tensile 
strength, particularly at higher temperatures (> 500 ºC). Similar effects regarding improved 
mechanical strength were also observed by other researchers such as Gade, et al. [57], Cornaglia, 





Pd-Pt membranes, on the other hand, behaved quite differently. A 4.4 µm thick Pd-27Pt 
(CSM 498H) membrane was synthesized and tested in a similar fashion to the Pd and Pd-Ru 
membranes. This membrane was tested for more than 850 hours in flowing hydrogen in the 
temperature range (500-600 ºC). The results for the long-term permeance testing are shown in 
Figure 3.5.  
 
 
Figure 3.5 Hydrogen permeance (diamonds) and nitrogen leak (circles) evolution for the 4.4 µm 
thick Pd-27Pt membrane (CSM 498H) in the temperature range (500-600 ºC). The Pt 
composition was determined gravimetrically and by the ICP-AES after testing (See Table 3.1). 
 
After initial annealing was carried out at 550 ºC for 2 hours in flowing hydrogen, the 
membrane was brought back to 500 ºC. Initially, the hydrogen permeance declined, which was 
thought to be due to metallic interdiffusion between the Pd and Pt layers that were sequentially 




which could explain the initial permeance decline at 500 ºC [88]. Upon heating up to 550 ºC, the 
same trend of declining hydrogen permeance was observed for a shorter duration. This might 
indicate that the initial heat treatment or annealing performed on this membrane was not 
sufficient to produce a homogeneous structure as evidenced by the decreasing hydrogen 
permeance in the temperature range of (500-550 ºC). However, upon heating up to 600 ºC, the 
hydrogen permeance was very stable for more than 400 hours on-stream. Upon shutting down 
the experiment, the membrane was thermally cycled in hydrogen and permeance data were 
collected at different temperatures (down to 400 ºC).  This allowed for the calculation of the 
experimental activation energy (Ea) for the hydrogen permeation through the Pd-27Pt film.  This 
value was found to be 30.8 kJ/mol. This value is very close to the activation energy determined 
by Flanagan and Yoshihara [89, 90] (Ea = 33.6 kJ/mol) for a Pd-27Pt alloy (after interpolation). 
This suggests adequate annealing of the Pd-27Pt film upon heating up to 600 ºC which is also 
consistent with the surface EDS result shown in Table 3.1.  The rate of increase in the nitrogen 
leak through the membrane was found to be almost one order of magnitude lower than that of the 
pure Pd membranes, which could make this alloy more suitable than pure Pd for high 
temperature applications (> 500 ºC). 
A more useful comparison of the rate of nitrogen leak growth at 600 ºC for various Pd-
alloy composite membranes that were tested in pure hydrogen is shown in Figure 3.6. The results 
clearly support the claim that doping the Pd membrane with either Pt or Ru (both having melting 
points higher than Pd) significantly reduces the rate at which the nitrogen leak increased 






Figure 3.6 Comparing the nitrogen leak growth at 600 ºC for the various Pd-based composite 
membranes (CSM 474H, CSM 493H and CSM 498H) in pure hydrogen atmosphere. 
 
High temperature operation also had impact on the stability of the hydrogen flux or 
permeance. Paglieri, et al. [38] observed a declining trend in the hydrogen flux through pure Pd 
membranes at temperatures ≥ 550 ºC. They attributed this behavior to a surface annealing effect 
which occurred over time and resulted in a decrease in the surface area available for hydrogen 
dissociation and/or affected the sorption rate of hydrogen on the high pressure feed side.  
Figure 3.7 shows a comparison of the hydrogen permeance stability for the pure Pd 
(CSM 474H), Pd-0.3Ru (CSM 493H) and Pd-27Pt (CSM 498H) membranes at 600 ºC. The Pd-
27Pt alloy membrane, despite having a lower hydrogen permeance compared to either Pd or Pd-
0.3Ru, had showed a very stable hydrogen permeance at 600 ºC. The low hydrogen permeance 
for the Pd-27Pt membrane (CSM 498H) also resulted in a lower H2/N2 selectivity compared to 
the pure Pd (CSM 474H) and Pd-0.3Ru (CSM 493H) membranes at a given temperature and 





Figure 3.7 Comparing the pure hydrogen permeance stability at 600 ºC for various Pd-based 
composite membranes (CSM 474H, CSM 493H and CSM 498H). 
 
In order to investigate the influence of Pt composition on the membrane’s thermal 
stability, a 6.3 µm thick Pd-17Pt (CSM 473H) was synthesized and tested in a similar fashion to 
CSM 498H. Figure 3.8 shows the results where both the pure hydrogen permeability and the 
nitrogen leak growth rate are reported for the pure Pd membrane (CSM 474H) and two Pd-Pt 
alloy membranes with different compositions (17 or 27% Pt by weight).  By lowering the Pt 
content from 27 to 17% wt.%, the nitrogen leak growth rate did not significantly increase, but the 
hydrogen permeability was enhanced. A stable permeance was also observed in the temperature 







Figure 3.8 The influence of Pt composition on the thermal stability and hydrogen permeability at 
600 ºC (For membranes CSM 474H, CSM 473H and CSM 498H). The support resistance was 
almost equivalent for all of these membranes. Note that the two bar graphs are superimposed on 
top of each other. 
 
3.5 Membrane characterization 
Several analytical techniques were used after permeation tests to characterize the Pd-
based composite membranes used in this study; primarily to confirm thickness and/or 
composition.  Table 3.1 listed these results for XRF, surface EDS as well as ICP-AES where 
there is good agreement between properties determined gravimetrically and those determined 
analytically. 
Figure 3.9 (a) shows a cross sectional SEM image in a BSE mode for the 4.4 µm thick 




almost twice that determined by mass gain after plating.  This was attributed to the presence of 
the non-dense activation layer deposited as described in Chapter 2. The thickness of this 
activation layer was determined by mass gain after metal deposition assuming dense structure 
was formed which turns out not to be the case. In order to get a more accurate measure of 
thickness, a piece of the membrane was peeled off from the support and the actual Pd-27Pt film 
thicknesses as well as the Pt distribution were determined for that fractured piece. The thickness 
determined for that piece was in better agreement to the thickness determined by mass gain after 
plating and by XRF. The line scan is shown in Figure 3.9 (b). As can be inferred from the Figure, 
the thickness of this fracture piece is approximately 5 µm (c.f. 4.4 µm by mass gain after 
plating). 
The Pt concentration profile reveals high levels of Pt in the center of the film. In fact, 
when this membrane was synthesized, The Pt layer (approximately 0.7 µm in thickness by mass 
gain) was “sandwiched” between two Pd layers. Thus, the Pd-27Pt film might not be completely 
annealed as determined by this elemental profiling, even though surface EDS (Table 3.1), 
hydrogen permeance stability at 600 ºC (Figure 3.7) and the experimental activation energy for 
hydrogen permeation (Ea = 33.6 kJ/mol) suggest adequate annealing. 
Similar SEM analyses were also performed on one of the pure Pd control membranes 
(CSM 474H) as well as the Pd-0.3Ru membrane (CSM 493H). Cross sectional images for 
fracture (peeled off) pieces are shown in Figures 3.10 and 3.11, respectively. The thicknesses of 








Figure 3.9 SEM images of the 4.4 µm thick Pd-27Pt (CSM 498H). (a) Cross section and (b) Pd 
and Pt elemental mapping (EDS) of a peeled off piece from (a) to show the actual Pd-Pt film 




Figure 3.10 SEM cross sectional image of a peeled off piece of the pure Pd membrane (CSM 






Figure 3.11 SEM cross sectional image of a peeled off piece of the Pd-0.3Ru membrane (CSM 
493H) showing thickness agreeing with that determined by mass gain after plating. 
 
Another experimental observation that is probably worth mentioning here occurred 
during the heating up stage from 500 to 550 ºC for the 4.4 µm thick Pd-27Pt membrane (CSM 
498H). As indicated in Figure 3.5, a power outage caused the membrane to be quenched in 
hydrogen (at a pressure differential of 50 kPa) from 550 ºC to room temperature. The membrane 
was heated up again to 550 ºC in nitrogen gas and the nitrogen leak rate was found to be 60% 
higher than that taken before the unintentional quenching. The fact that the leak did not grow up 
significantly after this unintentional thermal cycling might indicate that the addition of Pt (in 
such a concentration) to Pd suppresses the hydride phase formation point well below 298 ºC; the 
temperature at which Pd in hydrogen atmosphere forms a hydride phase which has a much larger 
lattice constant [91]. This experimental observation is consistent with the work of Flanagan, et 
al. [92] who found that Pd-Pt alloys with Pt contents of 19 wt.% and higher no longer form 
hydride phase with expanded lattice constant at temperatures of 20 ºC and above. Figure 3.12 (a) 
shows an image for the 4.9 µm thick pure Pd membrane (CSM 304) after it was unintentionally 




be clearly seen by the naked eye. Figure 3.12 (b) shows a picture of the Pd-27Pt membrane 
(CSM 498H) after quenching in hydrogen. No visible cracks were observed. In order to confirm 
the absence of cracking on the microscopic scale, an SEM image of the membrane surface was 
taken and is shown in Figure 3.12 (c). 
 
 
Figure 3.12 Pictures of (a) The 4.9 µm thick pure Pd (CSM 304) and (b) The 4.4  µm thick Pd-
27Pt (CSM 498H) supported membranes after quenching in hydrogen from 550 ºC to room 
temperature.  Unlike (a), Figure (b) shows no visible cracks which was confirmed by taking 
surface SEM image shown in (c).  This surface SEM image was taken using the Quanta 600 FEI 
ESEM at 500x magnification. 
 
3.6 Comparison to literature 
As mentioned before, the thermal stability problem of Pd-based composite membranes 
has not been extensively investigated in previous literature. Table 3.2 summarizes some of the 
most important findings in this study at the temperature 550 ºC.  This temperature was selected 




temperature where steam methane reforming could be carried out in a membrane reactor 
configuration [13, 15, 20, 22]. 
The results show improvement in performance (i.e. lower leak growth rate) for the Pd-
alloy membranes when compared to pure Pd membranes tested under similar conditions. While 
the membrane thickness could be a factor in determining its thermal stability [33], the results 
presented here suggest that membrane composition, and, possibly microstructure, are probably 
more important than thickness (cf. CSM 498H and CSM 474H results). The fact that the Pd-27Pt 
membrane (CSM 498H) has the lowest selectivity is attributed mainly to the low permeance of 
that membrane as can be inferred from Figure 3.7. 
An additional important finding was the leak evolution process took place over the entire 
membrane surface. This was realized by performing a visual inert gas permeation test after the 
membranes were cooled down to room temperature as described in Chapter 2. This test revealed 
that defects were distributed along the entire membrane surface. This in fact is consistent with 
the work of Guazzone and Ma [33] where they observed similar effects. No other leakage was 
observed from the membrane’s stainless steel fittings. It is important to mention here that the 
same visual test was also performed on all of the membranes before testing to confirm the 
reliability of the membrane end fittings. 
In this Chapter, the focus was mainly on the investigation of the thermal stability of 
various Pd-alloy composite membranes in pure gas environment as a function of temperature. In 
order to identify potential Pd-based membrane materials for high temperature applications of 
interest such as SMR, the chemical stability of these membranes also needs to be assessed. This 
will be the subject of the chapters to follow where membrane’s performance will be evaluated in 




Table 3.2 Comparison of the thermal stability of the membranes investigated in this study to reported literature results at a 




















(ΔP = 690 kPa) 




CSM 474H 4.9 Pd 140 2.39E-03 1,750 8.00E-12 This study 
CSM 473H 6.3 Pd-17Pt 116 1.39E-03 1,590 2.00E-12 This study 
CSM 498H 4.4 Pd-27Pt 147 8.82E-04 626 1.00E-12 This study 
CSM 493H 6.0 Pd-Ru 119 2.10E-03 1,860 3.00E-12 This study 
M-54* 4.0 Pd 60 Not reported Not reported 8.54E-11a [33] 
M-34b* 8.0 Pd 160 Not reported Not reported 2.41E-11a [33] 
a In these experiments, the membranes were supported on porous Hastelloy (PH) with a surface area of 120 cm2.  Helium was used to determine 
the leak evolution rate thus the helium leak rates reported have been divided by a factor of 2.65 assuming that nitrogen and helium permeate 




3.7      Conclusions 
The long-term thermal stability of Pd-based membranes at high temperatures is essential 
for industrial operation, especially the application of Pd-alloy composite membranes in 
membrane reactors for hydrocarbon reforming to produce hydrogen. Doping Pd with higher 
melting point metals (such as Ru or Pt) seems to have a great impact on the thermal stability of 
the membrane. Each alloy showed a different pattern of thermal stability behavior compared to a 
pure Pd control membrane of comparable thickness under similar conditions of temperature and 
pressure. The following points summarize the observations from this study: 
- The addition of Pt and/or Ru to Pd thin films (< 10 µm in thickness) improves the  
  thermal stability of the resulting alloy by lowering the rate at which the inert gas (N2)  
  leak grows over time at a given temperature. 
- The addition of 27 wt.% Pt to Pd lowers the inert gas leak evolution rate by  
  approximately one order of magnitude at 600 ºC. 
- Unlike pure Pd, Pd-Pt alloy supported thin film membranes possess an extremely stable  






THE INFLUENCE OF HEAT TREATMENT ON THE THERMAL STABILITY OF 
PALLADIUM COMPOSITE MEMBRANES 
 
In this Chapter, the influence of high temperature heat treatments (> 640 ºC) on the 
thermal stability of Pd composite membranes was investigated. Several Pd composite 
membranes (< 7 µm thick) were deposited by the electroless plating method onto the outer 
diameter of two different types of tubular porous supports. These membranes were subjected to 
different high temperature annealing processes and the thermal stability and microstructural 
evolution were studied. It was found that employing such heat treatments improved the thermal 
stability of the membranes when operated at lower temperatures; evidenced by a suppression of 
the rate at which hydrogen selectivity toward nitrogen declined over time at a given temperature. 
Heat pretreatment was also found to produce similar desirable effects under synthetic water gas 
shift mixtures containing up to 5 mole % CO. SEM images of the microstructural evolution as a 
function of temperature revealed that porosity that is typically present in as-deposited electroless 
plated films is significantly reduced after heat treatment. 
4.1  Introduction 
The number of studies on the long-term thermal stability of supported thin film Pd-based 
membranes is somewhat limited [33-45]. Most of the approaches adopted in literature to improve 
the thermal stability of Pd-based composite membranes have focused on improving synthesis 




employed a “defect sealing” method on a 4 µm thick pure Pd membrane. The membrane showed 
stable selectivity at 500 ºC and 100 kPa when tested in pure gas environment for 135 hours.  Ryi 
et al. [94] used an EDTA-free Pd plating bath to deposit a 7.5 µm thick pure Pd membrane. They 
realized a uniform microstructure with uniform grain size (1-2 µm) when plated at 20 ºC. The 
membrane has been tested at temperatures up to 550 ºC and the hydrogen permeation flux was 
stable for 25 hours. Li et al. [95] studied the effect of employing an osmotic pressure during Pd 
electroless plating. They noticed that plating under an osmotic pressure gradient will result in a 
denser microstructure which could correlate with enhanced thermal stability. They also 
suggested that performing a heat treatment process above the Tamman temperature (~0.5Tmelting 
(K)), where Tmelting is the melting point of the metal, on the as-deposited Pd films can eliminate 
interparticle boundaries by coalescence. They also observed that the time required to complete 
this coalescing process is reduced when the treatment is conducted in a hydrogen atmosphere. In 
another study, Okazaki et al. [96] reported that annealing pure Pd membranes at temperatures as 
high as 850 ºC in an argon atmosphere for 12 hours might be beneficial in improving the 
membrane’s microstructure and hence its thermal stability. 
In this Chapter, we will investigate five major points related to thermal stability: (1) the 
effect of long term operation on the thermal stability of Pd-based composite membranes as a 
function of thickness, (2) whether the rate of decline in selectivity ultimately approaches zero, 
(3) the influence on thermal stability of performing a high temperature annealing step above the 
Tamman temperature of pure Pd, (4) the effect of the gas environment on the thermal stability of 
the membranes and (5) the evolution of the microstructure as a function of temperature. 




synthesize pure Pd membranes on the outer diameter (OD) of commercially available tubular 
porous ceramic or porous ceramic/stainless steel substrates. 
4.2  Results and discussion 
Tables 4.1 and 4.2 contain a summary of the membranes that were fabricated and tested 
in this investigation under pure and mixed gas conditions. The thicknesses were determined 
gravimetrically (i.e. by mass gain after plating). This method was shown to be in good agreement 
when verified against other analytical techniques such as SEM and/or XRF [8, 11, 97]. All of the 
membranes had a room temperature nitrogen leak permeance of < 1.00E-9 mol/m2/s/Pa before 
testing. 
4.2.1 The effect of long-term operation at high temperatures on the stability of Pd-based  
composite membranes in pure hydrogen and nitrogen 
 
One of the fundamental questions that was unanswered in Chapter 2 and prior research 
[8, 33] is whether the observed selectivity decline over time for Pd-based composite membranes 
at temperatures higher than 500 ºC will ultimately approaches zero (i.e. a constant hydrogen and 
nitrogen permeance). To address this question, two Pd membranes were fabricated with 
thicknesses of 4.9 µm (Pd-1) and 1.6 µm (Pd-2) (Table 4.1). The hypothesis was that a 
correlation may exist between the thickness of the film and the time required to reach a steady-
state hydrogen and nitrogen permeance. Both membranes were tested at 600 ºC continuously for 
more than 370 hours as shown in Figures 4.1 and 4.2. The hydrogen permeance of membrane 
Pd-1 (Figure 4.1) declined very rapidly over the first 250 hours of testing, after which the 




Table 4.1 Summary of the composite membranes synthesized in this investigation.  Permeate left at local atmospheric pressure; ~ 82 
kPa and room temperature.  All membranes were deposited on top of 3YSZ except membranes Pd-3 and Pd-9 (on YSZ/PSS). See text 














































600 229 -37% 1.48E-11 918 348 -62 %  










550 149 -5% 5.00E-12 20,195 4,356 -78 %  
 
4.3 &  
4.5 
650 144 -5% 9.00E-12 2,987 1,428 -52 % 
600 165 0% 2.00E-12 1,302 1,155 -11 % 














550 70 2% 5.00E-13 860 889 3 % 
600 72 -2% 2.59E-13 1,070 1,037 -3 % 




















700 27 -7% 4.00E-11 2,212 1,235 -44 % 







700 43 -11% 9.00E-11 6,977 818 -88 % 
550 48 -3% -5.00E-13 581 565 -3 % 







550 168 This Sample was used to study microstructural evolution as 
function of heat treatment conditions. 
 




Table 4.2 Summary of the composite membranes that were tested under mixed gas environments. All these Pd membranes were 
deposited on YSZ/PSS substrates (Pall Accusep®) with an active area of ~ 14 cm2.  The tests were conducted at 550 ºC, 1.03 MPa feed 
pressure (permeate left at local atmospheric pressure; ~82 kPa and room temperature) and space velocity of 387 h-1.  All percentages 
















(50 % H2, 50 % N2) 
noC 
(50 % H2, 19 % H2O,  
31 % N2) 
WGS5 
(50 % H2, 19 % H2O, 5 




















Recovery Initial Final 
Pd-3 6.7 50 22 0.43 81% 0.44 83% 0.40 75% 99.65 99.67 -9.09E-04 4.5 




Simultaneously, the nitrogen permeance (leak rate) continued to increase at a steady rate 
of 1.90E-11 (mol/m2/s/Pa)/h over the entire testing duration (446 hours). This corresponds to an 
ideal H2/N2 selectivity drop of 0.15%/hour from its initial value (selectivity taken at 101.3 kPa 
pressure differential). Such unstable behavior has been observed in Chapter 3 under similar 
conditions, but the timescale in that study was not long enough to obtain a stable hydrogen 
permeance (< 120 hours). The data for Pd-1 suggest that the hydrogen permeance will ultimately 
stabilize for this 4.9 µm thick Pd membrane while stabilization of the nitrogen leak cannot be 
inferred. This test was terminated because the selectivity became too low (~72) to be considered 
of use for most practical purposes. 
 
 
Figure 4.1 The Influence of the long term operation at 600 ºC on the hydrogen permeance 





A similar long-term stability test was performed on a much thinner membrane; 1.6 µm 
thick (Pd-2).  The total duration of the test was approximately 375 hours at 600 ºC and is shown 
in Figure 4.2. Looking at the data, two distinct regimes can easily be distinguished. In the first 
one, the hydrogen permeance declined by 37% of its initial value over the first 229 hours of 
testing while the nitrogen permeance increased at a rate of 1.48E-11 (mol/m2/s/Pa)/h. This leak 
growth rate corresponds to a selectivity decline of 0.27%/hour, which is almost twice the rate 
observed for the thicker membrane Pd-1. In the second regime, however, both the hydrogen 
permeance and the nitrogen leak appear to approach a constant value with a final ideal selectivity 
of around 237. This selectivity is three times higher than the final selectivity of the thicker 
membrane (Pd-1); which can be attributed to the higher permeance of the thinner membrane. 
 
 
Figure 4.2 The Influence of the long term operation at 600 ºC on the H2 permeance (diamonds) 






The previous experiments provide some interesting observations, suggesting that over the 
same timescale at a given temperature, the rate of increase in the nitrogen permeance seems to 
approach zero for thinner membranes (Pd-2) but not for thicker ones (Pd-1). These results also 
suggest that the time required for the hydrogen permeance to stabilize might not be thickness 
dependent because the hydrogen permeance of both membranes Pd-1 and Pd-2 stabilized after 
~300 hours at 600 °C. 
4.2.2 The influence of high-temperature annealing on thermal stability 
In this section, we investigated the influence of heat treatment on the thermal stability of 
membranes when subsequently operated at lower temperatures. In Chapter 3, we described the 
instability behavior in terms of the simultaneous decrease in hydrogen permeance and increase in 
nitrogen leak for a 4.9 µm thick pure Pd composite membrane (CSM 474H) when tested as 
deposited (i.e. without any high temperature annealing) at 550 °C and 600 ºC for more than 257 
hours.  During this test, the hydrogen permeance declined steadily at both temperatures while the 
nitrogen increased at a rate of 8.00E-12 and 4.00E-11 (mol/m2/s/Pa)/h at 550 and 600 ºC, 
respectively. 
For this work, a similar test was performed on a 6.7 µm thick pure Pd membrane (Pd-3) 
at temperatures ≥ 550 ºC for approximately 578 hours in pure hydrogen or nitrogen. As shown in 
Figure 4.3, the membrane was first tested at 550 ºC for 149 hours, where the hydrogen 
permeance steadily declined while the nitrogen leak grew at a rate of 5.00E-12 (mol/m2/s/Pa)/h 
[the same order of magnitude as membrane (CSM474H) described in Chapter 3]. Clearly, this 
reproduced the same instability pattern for pure Pd supported thin film composite membranes 






Figure 4.3 The effect of the high temperature treatment at 650 ºC on the H2 permeance 
(diamonds) & N2 leak (circles) stability for a 6.7 µm thick Pd composite membrane (Pd-3) when 
operated at 550 ºC. 
 
After testing membrane Pd-3 at 550 ºC, the membrane was then annealed at 650 ºC for 
144 hours while both hydrogen and nitrogen permeance were monitored. The hydrogen and 
nitrogen selectivity (pure gas flux ratio) declined by 0.36%/hour from its initial value as shown 
in Table 4.1. The membrane was then tested at 600 ºC for 165 hours, during which time the 
hydrogen permeance stabilized at 2.36E-03 mol/m2/s/Pa0.5 while the nitrogen leak continued to 
increase at a rate of 2.00E-12 (mol/m2/s/Pa)/h. This leak growth rate was almost one order of 
magnitude lower than that of membrane CSM474H (Chapter 3). Therefore, it appears that 





lower by at least one order of magnitude when compared to similar membranes tested at 600 °C 
without pre-annealing at 650 °C. 
A similar comparison can also be made for membrane Pd-3 (after performing the heat 
treatment) with both membranes Pd-1 and Pd-2 which were tested at 600 ºC without any prior 
annealing. As shown in Table 4.1, the selectivity for membrane Pd-3 declined by 0.07%/hour of 
its initial value (primarily due to the increase in the nitrogen leak rate) while the selectivity 
declined by 0.15%/hour and 0.27%/hour for membranes Pd-1 and Pd-2, respectively. It is 
interesting to note that membranes Pd-2 and Pd-3 had similar leak growth rates despite the 
significant difference in their thicknesses (4.9 µm versus 1.6 µm). This might support (as 
mentioned previously) that thermal stability (in terms of change in nitrogen permeance) is not 
likely to be a strong function of thickness but is rather dependent on the membrane’s material 
(Chapter 3) and/or microstructure as will be discussed later. 
After assessing the thermal stability of membrane Pd-3 at 600 ºC, it was re-tested at 550 
ºC for 120 hours. As shown in Figure 4.3 and Table 4.1, the selectivity at 101.3 kPa remained at 
approximately 1,000 for the duration, suggesting that the membrane had become stable at 550 
ºC. The hydrogen permeance was stable at 2.12E-03 mol/m2/s/Pa0.5 and the nitrogen leak growth 
rate was comparatively very low at 2.00E-13 (mol/m2/s/Pa)/h; approximately one order of 
magnitude lower than when Pd-3 was initially tested 550 ºC (prior to performing the heat 
treatment at 650°C) and much lower than that for membrane CSM474H [8.00E-12 
(mol/m2/s/Pa)/h] described before (Chapter 3). 
In the next set of experiments, a 4.9 µm thick pure Pd membrane (Pd-4) was synthesized 





see if annealing at a higher temperature than 650 ºC for a shorter duration (c.f. membrane Pd-3 
heat treatment conditions) would achieve the same desired thermal stability when the membrane 
was subsequently tested at lower temperatures.  
After heat treating membrane Pd-4 at 700 ºC for 82 hours, it was tested at 550 ºC for 70 
hours where it retained a constant selectivity of about 889 (at 101.3 kPa). Membrane Pd-4 was 
remarkably stable as compared to the membranes tested without pre-annealing at 700 °C.  
Similar behavior was also observed upon subjecting the membrane to thermal cycling in the 
sequence shown in Figure 4.3; the selectivity remained almost constant over the duration of the 
test and was restored to its previous value at 550 ºC before/after testing the membrane for 72 
hours at 600 ºC as shown in Table 4.1. 
Additional tests were conducted on three other membranes (Pd-5, Pd-6 and Pd-7) also 
annealed at 700 ºC for different durations (1-2 days) and then tested at 550 ºC, as shown in Table 
4.1.  All of these membranes appeared to be stable at 550 ºC and saw negligible changes in 
selectivity. 
To conclude this section, it appears that as-prepared pure Pd membranes can be stabilized 
by annealing at high temperature prior to testing at lower temperatures due to a retardation of the 
mechanism of nitrogen leak evolution at operating temperature. As discussed in Chapter 3, Pure 
Pd composite membranes fabricated by electroless deposition eventually form pinholes at 
temperatures higher than 400 ºC. Further, the size and/or number of pinholes that serve as 
pathways for nitrogen permeation increase more rapidly at higher temperatures. Guazzone and 
Ma [33] suggested that the leak evolution mechanism is related to the self-diffusion of Pd which 





inert gas leak rate had the same order of magnitude as the activation energy for the self-diffusion 
of Pd (266 kJ/mol) [8]. Thus, suppressing the self-diffusion of Pd should result in more thermally 
stable membranes, at least theoretically. 
 
 
Figure 4.4 The effect of the high temperature treatment at 700 ºC on the H2 permeance 
(diamonds) & N2 leak (circles) stability for a 4.9 µm thick Pd composite membrane (Pd-4) when 
operated at lower temperatures. 
 
High-temperature thermal history also impacted the stability of the hydrogen permeance 
as suggested by the data presented in this Chapter. Prior work [8, 38, 98] reported a similar 
declining trend in the hydrogen permeance through pure Pd membranes at temperatures ≥ 550 
ºC. This decline was attributed to a surface annealing effect which occurred over time and 
resulted in a decrease in the surface area available for hydrogen dissociation and/or affected the 





4.2.3  Thermal stability in water-gas shift gas mixtures 
All of the membranes in the previous sections were fabricated by depositing a Pd film 
onto the outer diameter of porous asymmetric 3YSZ supports (Praxair®), except membrane Pd-3 
which was prepared by depositing a 6.7 µm thick layer of Pd onto a porous YSZ/SS support (Pall 
Accusep®). Although membrane Pd-3 was thicker than the other membranes tested, it was 
observed to have a significantly higher hydrogen permeance. It is suggested that this can be 
attributed to a lower support resistance to mass transfer for the YSZ/SS supports compared to the 
3YSZ supports. In conjunction with the fact that the YSZ/SS supports can also be mounted with 
SS ferrules rather than graphite (which may be chemically unstable at higher temperatures), two 
YSZ/SS membranes were chosen for mixed gas testing.  
Membranes Pd-3 (Figure 4.5) and P-8 (Figure 4.6) were exposed to an arbitrary synthetic 
water gas shift mixture under the operating conditions shown in Table 4.2. While membrane Pd-
3 was heat treated at 650 ºC for 144 hours as discussed above, membrane Pd-8 was tested as-
deposited to serve as a control. This set of tests was aimed at determining if chemically active 
species, such as CO, can affect the purity of thermally stabilized membranes (Pd-3), or if any 
perceived decline in purity for an as-fabricated membrane is merely the result of thermal, rather 
than chemical, instabilities (Pd-8). 
As illustrated in Figure 4.5, an equimolar mixture of hydrogen and nitrogen (50:50) was 
first introduced to establish a baseline for subsequent experiments to assess common operating 
issues such as concentration polarization and flux inhibition (upon exposure to carbon species) 





hydrogen recovery of 81% at 550 ºC, 1.03 MPa feed pressure (permeate at local ambient 
conditions) and a space velocity of 387 h-1, as shown in Table 4.2.  
 
 
Figure 4.5 The performance of a 6.7 µm thick Pd composite membrane (Pd-3) under synthetic 
mixed gas environments.  This test has been performed after the test shown in Figure 4.3. Refer 
to Tables 4.1 & 4.2 for additional details. 
 
The pure hydrogen flux at an equivalent hydrogen partial pressure was measured to be 
1.03 mol/m2/s just before feeding the 50:50 hydrogen/nitrogen mixture.  This indicated a 58% 
reduction in the hydrogen flux upon switching to the 50:50 mixture at the same hydrogen partial 
pressure driving force. This observation was attributed to the concentration polarization effect. 





pressure by increasing the space velocity. For example, increasing the space velocity to 774 h-1 
resulted in a 35% increase in the hydrogen flux; but at the cost of lower recovery (55%). 
Once screening was completed in the 50:50 hydrogen/nitrogen mixture, a mixture 
composed of hydrogen, nitrogen and steam was blended and fed to the membrane module. This 
blend was designated as the “noC” mixture as it contains only non-carbon species as well as 
steam. The objective was to see if steam would inhibit the flux upon switching from the 50:50 
mixture while keeping the driving force for hydrogen permeation constant. As can be inferred 
from Table 4.2, both the average hydrogen flux and the percent recovery under the noC 
condition were within 2% of those under the hydrogen/nitrogen 50:50 mixture. This suggests 
that steam has little to no effect on the hydrogen flux and any additional decrease in permeance 
could be attributed to the effect of either CO or CO2. 
In the last mixed-gas testing mixture (designated as WGS5), the nitrogen was replaced 
with CO (5 mole %) and CO2 (26 mole %). The average hydrogen flux and percent recovery 
dropped by 8% suggesting slight inhibition by the presence of carbon. Flux inhibition due to the 
presence of carbon species was also observed by Lewis et al. [58] to a larger extent at lower 
temperatures (< 450 ºC). Despite this slight flux inhibition, the hydrogen permeate purity was 
very stable at ~99.7% over the course of testing for Pd-3, which was heat treated at 650 ºC for 
144 hours prior to mixed-gas testing. 
Identical tests were then conducted on a different Pd membrane (Pd-8) which was 
deposited onto the same type of porous support (Pall Accusep®) but tested as-prepared to serve 
as a control to Pd-3, as shown in Figure 4.6 and Table 4.2. Membrane Pd-8 had higher hydrogen 





thick) and was not subjected to any high temperature annealing, which results in a decreasing 
hydrogen permeance as was discussed before.  The hydrogen permeate purity, however, declined 
rapidly (to less than 99%) under the WGS5 mixture in less than 6 hours on stream.  
 
 
Figure 4.6 The performance of a 5.4 µm thick Pd composite membrane (Pd-8) under synthetic 
mixed gas environments.  Refer to Tables 4.1 & 4.2 for additional details. 
 
From the previous section, it appears that annealing at 650 °C improves the stability of 
pure Pd membranes in pure gas (i.e. hydrogen or nitrogen) at temperatures ≤ 600°C. In this 
section, it has been shown that this stability also appears to translate into stable performance 





not pre-annealed in pure gas, suffered from a loss in hydrogen permeate purity over the course of 
testing at 550 °C, whereas the annealing for membrane Pd-3 seems to have prevented a purity 
decline during the WGS test. The hydrogen flux was stable for both membranes Pd-3 and Pd-8 
during the WGS5 tests and the pure hydrogen permeance before/after the WGS5 testing was 
almost the same, suggesting that no coke formed under these conditions.  
The hydrogen flux through membrane Pd-8 was stable in the WGS mixture, unlike the 
case for an unannealed membrane when tested in pure gas. Perhaps the time scale was too short 
(12 hours) to observe whether the hydrogen permeance would be stable or not in the mixed gas 
environment or steam may provide an oxidizing environment that helps keep the surface clean 
from impurities and/or restructure the surface in an effect similar to that induced by exposing Pd 
membranes to air at high temperatures [99]. The exact cause for the stability of hydrogen 
permeance under mixed gas conditions, however, cannot be confirmed nor revealed based on the 
current data and may be the subject of future investigations. 
4.2.4  The effect of heat treatment on microstructure 
Unlike thin metallic sheets fabricated by cold-rolling, Pd films deposited on porous 
supports are usually porous as revealed by SEM analyses [38]. This is a concern, however, 
because several studies have linked the thermal stability of the Pd film to its microstructure [100-
102]. Such efforts, as mentioned before, focused on densifying the microstructure by improving 
the synthesis techniques. Here, the porosity of the deposited films was investigated to attempt to 
explain why membranes annealed at high temperatures had better thermal stability when the 





In order to propose an explanation of the improved thermal stability, SEM analyses were 
performed on samples after being heated at 550 °C, 650 °C and 700 °C for different durations. 
For this purpose, a 4.6 µm thick pure Pd membrane (Pd-9) was deposited on top of a porous YSZ 
(Praxair®) support.  This membrane was cut into three pieces and each cross-section was heated 
to different temperatures in a hydrogen atmosphere at 50 kPa as follows: 
The first piece was imaged as-prepared (Figure 4.7 (a)), and several small pores can 
clearly be seen throughout the film. The second piece was heated to 550 ºC under flowing 
hydrogen, and held at that temperature for a week.  The corresponding SEM image is depicted in 
Figure 4.7 (b), which reveals that pososity was reduced, but still exsisted. The third piece was 
heated to 700 ºC and annealed for 3 days.  The corresponding SEM image (Figure 4.7 (c)) shows 
a much denser microstructure than either Figures 4.7 (a) or (b). 
Therefore, it appears that subjecting as-prepared membranes to heat treatment at 700 ºC 
improves the microstructure by eliminating pores that might contribute to thermal instability at 
lower temperatures. 
To further support the observation that film densification does occur for an actual sample 
that was stable under pure gases, a piece of membrane Pd-4 was cut and imaged after completing 
the testing sequence shown in Figure 4.4. The SEM image shows a dense microstructure, as can 
be seen in Figure 4.8, which clearly correlates with the enhanced thermal stability observed for 
this particular membrane that was annealed at 650 ºC for 144 hours and then tested at 








Figure 4.7 The influence of temperature on microstructure for a 4.6 µm thick Pd membrane (Pd-








The stability of Pd-based membranes at high temperatures is essential for these 
membranes to be successfully used in industrial operation.  The following points summarize the 





- As-prepared pure Pd membranes are susceptible to a loss in selectivity when operated at 
temperatures ≥ 550 ºC over a specific time scale. 
- Hydrogen permeance decline in Pd membranes observed at temperatures ≥ 550 ºC will 
ultimately stabilize after long-term operation and the effect appears to be independent of 
film thickness.  
- The nitrogen permeance is a thermally activated process that increases at a steady rate 
depending on the membrane’s thickness; thinner membranes will attain a constant, 
steady-state permeance faster than thicker ones. 
- Performing high-temperature annealing on Pd membranes deposited by electroless 
plating results in a denser microstructure that appears to correlate with improved thermal 
stability when the membranes are subsequently operated at lower temperatures. 
- Thermal stability in pure hydrogen or nitrogen may also indicate stable performance 







APPLICATION OF A PALLADIUM-RUTHENIUM COMPOSITE MEMBRANE TO 
HYDROGEN PRODUCTION IN A HIGH TEMPERATURE MEMBRANE REACTOR 
 
In this Chapter, a 5.0 µm thick Pd-Ru membrane (Area 13.3 cm2), supported on a porous 
yttria-stabilized-zirconia/stainless steel substrate (ZrOD AccuSep®, Pall Corp.) was used to 
carry out steam methane reforming (SMR) over a commercial Ni-based catalyst at a temperature 
of ~ 580 °C and pressures up to 2.9 MPa.  The goal was to evaluate the performance of this 
membrane which was shown to be thermally stable in pure gas (Chapter 3) in actual SMR reactor 
environments. Methane conversions in the membrane reactor ranged from 65 to over 80%, 
depending on the reactor’s space velocity. The conversions obtained were significantly higher 
than the thermodynamic equilibrium predicted for the feed composition and process variables. 
The effect of parameters such as space velocity and reactor pressure on methane conversion and 
hydrogen recovery were investigated. 
The long term operation on this membrane revealed the potential suitability of this Pd-
alloy to be a candidate for use in SMR membrane reactors at temperature as high as 580 °C. The 
permeate hydrogen flux was very stable at 2.9 MPa feed pressure and a steam-to-carbon ratio 
(SCR) of 3 for more than 1,000 hours of continuous testing. The hydrogen permeate purity 
remained > 93% over the course of testing. Stable methane conversions as high as ~ 80 % were 
obtained for the duration of the long term test which may be further improved by optimizing the 





carried out and the results suggested that the methane conversion and hydrogen flux during the 
membrane reactor experiments were reduced by gas phase mass transfer due to concentration 
polarization effects. 
5.1 Introduction 
Pd-Ru alloy membranes have been used for many different applications because of the 
alloy’s higher hydrogen permeability, strength, thermal stability and catalytic properties when 
compared to pure Pd [8, 15, 63-79]. As can be inferred from the Pd-Ru binary phase diagram 
[103], Pd and Ru are almost completely immiscible across the entire composition range except in 
very low Ru composition (<< 1 wt%) and/or at very high temperatures (> 600°C).  In Chapter 3, 
we showed that doping Pd with a trace amount of Ru (< 1 wt.%) significantly reduces the rate at 
which the nitrogen leak increased compared to a pure Pd membrane at temperatures of 550°C 
and above. As described in Chapter 4, a reduced leak evolution rate in a pure gas environment 
should translate into a lower purity decline rate under mixed-gas and/or membrane reactor 
conditions. 
In this work, our objective is to report the long-term thermal stability of a thin, Pd-Ru 
composite membrane used in a membrane reactor to perform steam reforming of methane at 
~580 °C and feed pressures up to 2.9 MPa. 
5.2 Membrane synthesis, leak measurement and annealing 
The Pd-Ru membrane described in this Chapter was fabricated by the co-deposition 
electroless plating method as described previously in Chapter 2. The thickness of the Pd-Ru film 





of the membrane (13.3 cm2) and density of Pd. The room temperature nitrogen leak was 
determined to be < 7.2E-12 mol/m2/s/Pa before testing. 
Annealing of this membrane was completed in flowing hydrogen at 600 °C and a 50 kPa 
pressure differential for 2 hours to promote homogenization and stabilization of the 
microstructure. Steady hydrogen permeation flux was used as an indication that adequate (but 
not necessarily complete) annealing had been carried out. No change in the nitrogen leak was 
observed during the course of annealing. After annealing, the membrane was cooled down to the 
desired operating temperature of 580 °C to establish a pure gas flux baseline before running the 
SMR membrane reactor tests. The initial pure hydrogen permeance at 580 °C was determined to 
be 3.4E-03 mol/m2/s/Pa0.5 while the nitrogen leak was found to be 1.67E-10 mol/m2/s/Pa. This 
leak resulted mainly from the thermal cycling performed upon the completion of the annealing 
stage, perhaps as a consequence of the mismatch of the thermal expansion coefficients among 
the different layers of the membrane (during thermal expansion and contraction) and/or due to a 
phase separation resulted from crossing the phase boundary as can be inferred from the Pd-Ru 
binary phase diagram [103]. The exact cause, however, cannot be confirmed based on the data 
presented here. The nitrogen leak rate and pure hydrogen flux were both measured periodically 
(typically once daily) during testing using pure nitrogen or hydrogen feed gas; when no 









5.3 Steam methane reforming in membrane reactor configuration at high temperature  
 and pressures 
The 5.0 µm thick, Pd-Ru membrane was loaded into the reactor module and tested as 
described in Chapter 2. Figures 5.1 through 5.4 show the relevant results for this membrane in 
the SMR environment. 
As discussed previously, one of the advantages for the simultaneous removal of the 
product hydrogen from the catalyst bed as it forms is the conversion enhancement compared to 
running the same reaction in a conventional equilibrium reactor.  This is clearly seen in Figure 
5.1 where the methane conversion is plotted against the absolute reactor pressure at various 
space velocities and a temperature of 580 ºC and SCR of 3. Furthermore, unlike the case of the 
equilibrium reactor, the conversion in the membrane reactor increased upon increasing the feed 
pressure. Conversions as high as  90 % were obtained at the lowest space velocity (246 L/h.kg = 
150 h-1), but the methane conversion decreased at higher space velocities due to the reduction of 
the residence time of the methane in the reactor, as predicted. 
These screenings were primarily run for the objective of selecting the best operating 
conditions in terms of space velocity and feed pressure that would maintain a methane 
conversion that was significantly higher than the predicted equilibrium, as well as minimizing 
the concentration polarization effects normally observed when operating at very high pressures 
(≥ 2.9 MPa in this case). The optimal conditions were determined to be a maximum pressure of 
2.9 MPa and a space velocity of 491 L/h.kg = 300 h-1 which corresponded to a methane feed 







Figure 5.1 Summary of SMR screening tests on the Pd-Ru membrane at SCR = 3 (100 % CH4 
feed on a dry basis), 580 °C and variable space velocities, showing CH4 conversions as function 
of reactor’s absolute pressure. Membrane reactor conversions exceeded the thermodynamic 
equilibrium indicated on the plot. 
 
Figure 5.2 shows the influence of the gas hourly space velocity (GHSV) on the 
percentage of hydrogen recovered at 580 °C, 2.9 MPa and SCR = 3. Clearly, by increasing the 
space velocity (reducing the residence time of methane in the reactor) the hydrogen recovery 
drops. As far as the absolute values for these parameters, both the conversion and recovery were 
initially ~ 90% for a methane feed flow rate of 0.115 slpm. A GHSV of  491 L/h.kg = 300 h-1 
was identified to achieve the best balance between maintaining high hydrogen recovery and 
minimizing the concentration polarization effects to be described in a subsequent section. 
After determining the optimum process variables, this membrane was tested for more 
than 1,000 hours continuously in a SMR environment at 580ºC, 2.9 MPa, SCR of 3 and 0.23 






Figure 5.2 H2 recovery vs. gas hourly space velocity (GHSV) for the Pd-Ru membrane at 2.9 
MPa, 580 °C and SCR = 3.  Percentages indicated at each datum represent the purity obtained. 
 
Figure 5.3 shows the cumulative testing results in terms of methane conversion, hydrogen 
permeate purity and recovery. The results show a very stable methane conversion in the 
membrane reactor; that is > 80% conversion (super-equilibrium) compared to 16% conversion in 
a conventional reactor under the same conditions. This is to be compared to the results of the 
ECN group [20] showing similar stable long term conversion at ~ 85%.  However, the impurity 
levels in the hydrogen permeate were higher than those reported for the Pd-Ru membrane 
described in this work and will be discussed below. 
Hydrogen recovery also remained > 80% and was also relatively stable. Hydrogen 
permeate purity on the other hand declined slightly with time, as noted by the data points in 
Figure 5.3 but remained above 93% over the course of testing. The slight increase in the purity at 
around the 550 hour datum is thought to be related to feed flow fluctuations which also resulted 






Figure 5.3 CH4 Conversion, H2 recovery and H2 purity vs. time at 0.23 slpm methane feed flow 
rate, 580 °C & 2.9 MPa for the 5 µm thick Pd-Ru membrane.  The solid circle represent the 
experimental conversion of the equilibrium reactor case (with permeate valve closed) while the 
dashed line represent the calculated equilibrium under identical set of conditions. 
 
The solid circle in Figure 5.3 represents the experimental conversion for the equilibrium 
reactor case (with the permeate valve closed on the membrane reactor module) while the dashed 
line represents the calculated equilibrium under identical conditions. The experimental values 
closely matched those predicted from the equilibrium calculations, which indicates that the 
performance of the membrane reactor was not limited by the activity of the catalyst at these 
conditions. Figure 5.4 shows a more detailed plot where the hydrogen flux and impurity levels 
are plotted against time under the same experimental conditions as Figure 5.3. As can be inferred 






Figure 5.4 H2 flux and permeate impurity levels for the 5.0 µm thick Pd-Ru membrane in a SMR 
environment at 580 °C, 0.23 slpm methane feed flow rate, 2.9 MPa and SCR of 3.  Combined 
impurities in the H2 permeate were < 10% after 1,000 hours of testing. 
 
For comparison, Saric et al. [20] reported a H2 purity of 81% at 900 hours for a 3.8 µm 
thick pure Pd membrane with a N2 sweep flow rate of 50 sccm (unlike the current case of the Pd-
Ru membrane where no sweep gas was used). The hydrogen flux shown in Figure 5.4 remained 
stable at ~0.44 mol/m2/s over the duration of the test which is ~4 times higher than the flux 
reported by Saric et al. [20] under comparable operating conditions. This is a significant 
difference because the pure hydrogen permeance of the thinner membrane used by the ECN 
group was 3.79 x 10-3 mol/m2/s/Pa0.5 at 525 °C, higher than that of the thicker Pd-Ru membrane 
used in this work. The pure H2 permeance difference was expected due to the differences in Pd 
film thickness, assuming the substrate hydraulic resistances are similar. This means that less 





compactness and lower synthesis cost. The stability of the hydrogen permeation flux over time is 
an excellent indication of the stability of the methane conversion as was already illustrated in 
Figure 5.3. 
A comparison of methane conversion data from different literature sources was 
summarized in Table 1.1. The methane conversions of the Pd-Ru membrane described in this 
work were above 80% at a reactor pressure of 2.9 MPa, 580ºC, SCR of 3 and GHSV of 300 h-1 = 
491 L/h.kg. These conversion data compare very well to literature results for comparable space 
velocities (feed flow rate/catalyst volume) [19, 104]. For example, the performance data from 
Tokyo Gas [19, 104] are very comparable to the results presented in this study at comparable 
reactor pressures and space velocities. However, the hydrogen purity obtained from the much 
thicker (~ 20 µm) Tokyo Gas foil membranes was higher than the values reported in this study 
(99.99% compared to 93%).  
5.4 Membrane characterization post SMR testing 
Several analytical techniques were used after the membrane reactor tests to characterize 
the Pd-Ru composite membrane used in this study; primarily to confirm its thickness and/or 
composition. Surface and cross sectional SEM/EDS as well as ICP-AES were used and the 
outcomes are described below. 
Figure 5.5 shows a cross sectional SEM image for the 5.0 µm thick Pd-Ru membrane. As 
can be inferred from the Figure, the apparent thickness is slightly larger than that determined by 
mass gain after plating. This was attributed to the presence of the non-dense activation layer 





mass gain after metal deposition assuming a dense structure was formed, which turns out not to 
be the case. Similar observations were described in Chapter 3 as well. 
As mentioned before, Pd and Ru were electrolessly co-deposited; therefore composition 
of the film could not be determined by mass gain. ICP-AES was used to determine the 
composition of membrane which was found to be 0.2 wt.% Ru. The density of Pd was used to 
estimate the thickness of the Pd-Ru membrane gravimetrically. 
Surface EDS was also conducted and indicated a composition of ~ 3.8% by weight. It is 
worth mentioning here that surface EDS performed on Pd-Ru films is not a very accurate 
technique for determining the Ru content due to the overlap between Pd and Ru intensity peaks 
as discussed in Chapter 3 ; making ICP-AES the most reliable method for accurate Ru wt.% 
determination. 
Pure gas evaluation tests were also conducted upon the completion of the SMR reactor 
tests; primarily to gain insight on changes of the pure hydrogen permeance and nitrogen leak. 
The pure hydrogen permeance was measure continuously for ~100 hours at 580 °C and was very 
stable at 2.73E-03 mol/m2/s/Pa0.5, to be compared with the initial permeance reported before 
SMR testing (3.4E-03 mol/m2/s/Pa0.5). The 20 % reduction in flux is thought to be owing to the 
slight coking of the membrane’s surface due to steam interruption after completing the 1,000 
hours SMR test or a surface smoothing effect that took place when this membrane was operated 
at high temperatures, an observation similar to the results reported in Chapter 3 and previous 
work [8, 38]. The nitrogen leak, however, increased by two orders of magnitude to 2.9E-08 









Figure 5.5 SEM cross sectional image of the supported Pd-Ru membrane showing thickness 
almost agreeing with that determined by mass gain after plating. 
 
The leak distribution on the membrane surface was also characterized by visually 
inspecting it after testing when the membrane was cooled down to room temperature.  In this 
test, as discussed in Chapter 2, the lumen side of the membrane is pressurized with nitrogen to 
100 kPag while it is immersed in water. Gas bubbles can then be observed flowing from the 
defects which were evenly distributed over the entire membrane surface. This observation is 
consistent with the observations described in Chapter 3 and previous work [8, 33] where they 
observed similar effects. No additional leakage was observed coming from the membrane’s 
stainless steel fittings. This same visual test was also performed on the membrane before testing 





over ambient pressure, gas bubbles would only appear from the largest holes present in the 
membrane. The smaller pores (in the 10-200 nm range) would be clogged by capillary 
condensation; therefore, much higher pressures would be required to bubble through a small pore 
size. From previous experience, very high lumen pressures are not recommended as this might 
weaken the thin film adherence to the porous support. An alternative (which has not been used 
with this membrane) would be to use a liquid with a lower surface tension than water.  
5.5 Simulation of membrane reactor experiments with 1-D transport model 
A one-dimensional, plug flow, steady-state, membrane reactor transport model for the 
catalytic conversion of methane to pure hydrogen was developed. Model development details 
can be found in the Appendix.  The model was solved numerically using the differential equation 
solver Polymath® [105]. The kinetics for methane steam reforming and the water-gas shift 
reactions on a similar, commercial Ni-based catalyst were given by Xu and Froment [4, 106]  
Figure 5.6 is a simulation plot (solid lines) combined with experimental membrane 
reactor conversion data (points) of the methane conversion as a function of reactor pressure at 
580 °C for a methane feed flow rate of 0.23 slpm (space velocity was 491 L/h.kg = 300 h-1) and 
SCR of 3. No sweep gas was used in the simulations to mimic the actual experiments. The 
equilibrium conversion simulations (by setting hydrogen permeance = 0 in the model) are also 
shown in Figure 5.6. As expected, the model predicts an increasing trend in the methane 
conversion with increasing reactor pressure up to 2.9 MPa for the membrane reactor case and a 
decreasing trend for the equilibrium plug-flow reactor (or no permeation) case. However, this 
model, which is based on the pure hydrogen permeance data, greatly over predicts the actual 





composite membranes on Pall AccuSep® substrates, is shown as equation A.2 in the Appendix 
[97]. This disagreement is believed to be due to concentration polarization (CP) effects in the 
membrane reactor where convective mass transfer in the gas phase may be limiting the rate of 
hydrogen removal from the reactor, particularly at high pressures. 
 
 
Figure 5.6 The influence of reactor pressure on methane conversion at 580 °C for experimental 
data with the Pd-Ru membrane, thermodynamic equilibrium and simulations from 1-D 
membrane reactor model using pure H2 permeance values. CH4 flow rate was 0.23 slpm with 
SCR of 3. 
 
The ECN group [20] reported that the measured flux from steam reforming membrane 
reactor experiments was approximately six times lower than what was expected from their pure 
gas measurements . They attributed this difference to concentration polarization effects. There 
are certainly other factors that might lower the actual hydrogen flux during membrane reactor 





simple model developed in this work. In fact, mixed gas permeation tests were also conducted on 
the membrane described in this work prior to the membrane reactor experiments. The flux 
inhibition at 500 °C with a simulated water gas shift (WGS) equilibrium mixture was less than 
7% compared to a H2/N2 gas mixture with equal H2 partial pressure and space velocity. At the 
higher reactor temperature of 580 °C, however, one would expect even less flux inhibition [11]. 
Also, the methane conversion observed in the long term test was quite stable; suggesting the rate 
of coke formation was small. The carbon atomic balance in fact closed within < 5%. For 
example, for the first data point in Figure 5.3, the total C in = 0.00018 mol/s while the total C out 
= 0.00019 mol/s.  
Using a flux equation measured for pure hydrogen feed gas should greatly over predict 
the methane conversion, and this is what is observed in Figure 5.6. As expected, the simulated 
methane conversions are much higher than the experimental values at all reactor pressures. For 
example, the predicted CH4 conversion at 2.2 MPa pressure is ~ 96% compared to an 
experimental value of 77%. This suggests that the actual rate at which hydrogen is being 
removed from the reactor is much smaller than the values measured in pure hydrogen. 
At a reactor pressure of 2.2 MPa, the hydrogen flux was reduced by an arbitrary 
correction factor until the predicted methane conversion from the membrane reactor transport 
model matched the experimental value of about 77%. This factor was determined to be 0.57. 
This simply indicates that the H2 permeance under reactor conditions is roughly one-half of the 
pure gas value. This is likely due to concentration polarization effects that generally increase 





The model was then run over the same series of reactor pressures using this effective 
permeance and the predicted conversions are compared with the experimental values in Figure 
5.7. Using the correction factor, there is good agreement between the simulations and the 
experimental data at all feed pressures. 
 
 
Figure 5.7 The influence of reactor pressure on methane conversion at 580 °C for experimental 
data with the Pd-Ru membrane, thermodynamic equilibrium and simulations from 1-D 
membrane reactor model using H2 permeance values reduced by a factor of 0.57 to account for 







The long term (> 1,000 hours) operation on the 5.0 µm thick Pd-Ru membrane described 
in this work revealed the potential suitability of this Pd alloy to be a high temperature candidate 
for use in SMR membrane reactors. The permeate hydrogen flux was very stable at 580 °C, 2.9 
MPa feed pressure, 0.23 slpm methane feed flow rate and SCR of 3. This translated into very 
stable methane conversion. The hydrogen purity remained > 93% over the course of testing. 
Typical methane conversions were ~80% which could be further improved by optimizing the 







STEAM METHANE REFORMING IN A PALLADIUM-GOLD MEMBRANE 
REACTOR: LONG-TERM ASSESSMENT 
 
In this Chapter, electroless deposition was used to fabricate a 5.0 µm thick Pd-27Au 
(wt.%) membrane (16.10 cm2) supported on a YSZ/PSS substrate. After annealing in hydrogen, 
steam methane reforming (SMR) was conducted continuously for 530 hours, with permeate 
purity remaining above 99.2% for the duration. The reactor used a 0.5 wt.% Ru/Al2O3 catalyst 
powder and ran at 2.8 MPa and a steam-to-carbon ratio of 3, with temperature varied between 
480 °C and 580 °C. Methane conversion was as high as 94% depending on temperature and 
space velocity. This represents a significant improvement over the thermodynamic equilibrium 
shift of 35 % under similar conditions. Additionally, the hydrogen flux and overall methane 
conversion showed stable performance over time. The membrane thickness and composition 
were verified using techniques including SEM/EDS, XRD, XRF and ICP-AES. Furthermore, 
cross-sectional EDS and XRD data indicated uniform gold composition throughout the film, 
suggesting homogeneous alloy formation. 
6.1 Introduction 
An increase in thermal stability has been realized by alloying Pd with other elements such 
as Ag, Cu, Au, Pt, In, Ru, Y and Rh [8, 46-53]. In Chapters 3, we investigated the enhancement 





elements such as Ru and Pt. The doping elements were shown to reduce the rate of increase in 
nitrogen permeance (leak growth rate) by at least one order of magnitude. 
Improvements in thermal stability and chemical tolerance under carbon-containing gas 
mixtures were demonstrated by alloying Pd with other elements such as Pt [8, 58], Au [10, 11, 
107], Ru [15, 28, 108] and Cu [109, 110]. Pd-Au alloy membranes were of special interest as 
they were shown to possess better tolerance to carbon species and hydrogen sulfide than Pd; 
presumably due to a lower carbon solubility as Au content increases, and lower binding energy 
for sulfides formation on the membrane surface [10, 11, 111-114]. In fact, the relatively high 
solubility of carbon in pure Pd was suggested to be one of the failure mechanisms that causes 
membrane degradation leading to a loss in permselectivity [115]. The Pd-Au alloy has been 
shown to withstand exposure to water gas shift (WGS) mixtures containing CO in > 100 hours 
tests, and showed some tolerance to WGS mixtures containing H2S [39, 107, 116-118]. Pd-Au 
alloys are also more resistant to hydrogen embrittlement than pure Pd [119] making them more 
practical to be operated over wider range of temperatures than pure Pd membranes. The 
electroless deposition of as little as 0.3 µm thick Au layer on top of Pd has also been reported to 
significantly reduce the inert gas leak thereby improving the permselective properties of Pd 
composite membranes [116, 120]. 
6.2 Membrane synthesis and annealing 
As mentioned before, Pd and Au were sequentially deposited using electroless plating 
techniques. After the deposition of an approximately 1 µm thick Pd layer, the membrane was 
subjected to a repair step which reduces the number of defects or pores that typically penetrate 





solution and the reducing agent were introduced on opposite sides of the membrane such that 
plating would occur inside the pores of the metallic film. More details about this repair step were 
described in previous work [121]. 
Once the repair step was completed, a very thin (~ 0.3 µm) layer of Au was deposited on 
the Pd layer. Details of the Au electroless plating conditions can be found in Chapter 2 and the 
work of Lewis, et al. [37]. In previous work, depositing very thin layers of Au was shown to 
facilitate annealing and thus the formation of the Pd-Au alloy in a shorter period of time [37, 
116]. This sequence of electroless deposition (i.e. Pd plating/ Pd repair/ Au plating) was repeated 
until the inert gas leak was deemed undetectable at room temperature (N2 permeance < 7.2E-10 
mol/m2/s/Pa). The final plating structure consisted of having three alternating Pd/Au layers. 
The thickness of the film was determined gravimetrically from mass gain after plating to 
be 5.0 µm; given the surface area of the membrane (16.10 cm2) and densities of Pd and Au. It is 
worth mentioning that using this method for the determination of the Au layer thickness is 
slightly inaccurate, because Au is known to displace Pd during the plating process resulting in 
negligible mass gain despite having a visible Au layer deposited [11]. As such, other more 
accurate analytical methods were used to determine both thickness and composition as will be 
discussed later. 
Figure 6.1 shows the evolution of both the hydrogen permeance and the nitrogen leak 
during the annealing stage which took place at 550 °C and a 50 kPa pressure differential for 220 
hours. The membrane was left under hydrogen atmosphere for the entire duration except when 
measuring the nitrogen leak. The annealing step was necessary, as discussed previously, to 





steady hydrogen permeation flux was used as an indication that adequate (but not necessarily 
complete) annealing had been achieved. 
 
 
Figure 6.1 The hydrogen permeance and nitrogen leak evolution during annealing the Pd-Au 
membrane at 550 ºC and 50 kPa pressure differential in pure hydrogen environment (Permeate 
was left at local ambient conditions in Golden, CO, ~82 kPa). 
 
At the end of annealing, the membrane had a final H2/N2 pure gas flux ratio of 6,400 at 
100 kPa pressure differential. This represents a drop of only 20% of the initial selectivity over 
the course of annealing (220 hours). Once annealing was deemed to be complete, the membrane 
was thermally cycled in the temperature range (350 - 550 ºC) to gain insight on thermal stability 
in terms of leak creation (during thermal cycling) and to establish a pure gas permeance baseline 





Figure 6.2 shows the relevant data where the hydrogen flux is plotted against the driving 
force for permeation. The slopes indicated on the plot represent the hydrogen permeance at each 
temperature. It can be seen that the hydrogen permeance at 550 ºC after thermal cycling is 
identical to the one shown in Figure 6.2 at the end of the 220 hours annealing period. Similarly, 
the nitrogen leak was also measured during the thermal cycling process and was found to be 
unaffected by this process. 
 
 
Figure 6.2 Hydrogen flux vs. driving force (for permeation) for the Pd-Au membrane during 
thermal cycling in the temperature range (350 - 550 ºC).  The slopes indicated represent the 







6.3 Steam methane reforming in a Pd-Au membrane reactor at high temperatures and  
 pressures 
 
The Pd-Au membrane was loaded into the reactor module and tested as described above. 
Figure 6.3 shows the relevant results for this membrane under the SMR environments. 
 
 
Figure 6.3 Hydrogen flux and permeate purity for the Pd-Au membrane reactor under SMR 
environments at temperatures > 480 °C, 2.8 MPa feed pressure and SCR of 3. Space velocity, 
methane conversion and hydrogen recovery are as indicated.  Permeate was left at local ambient 
conditions in Golden, CO, ~82 kPa. 
 
The membrane was tested continuously under SMR conditions for more than 500 hours, 
with the overall goal being to evaluate the long-term stability of this Pd-alloy membrane in terms 





which is similar to the commonly used pressure in industrial scale hydrogen production 
processes. The SCR was also held constant at 3 as previous studies showed no coke formation 
occurred at SCR > 2.7 [61]. The membrane was first tested at a temperature of 482 ºC and a 
space velocity of 185 L/h/kg (GHSV = 147 h-1). The average hydrogen flux was relatively low at 
this temperature (~ 0.07 mol/m2/s) with an average hydrogen recovery and methane conversion 
of 54 % and 80 %, respectively. The methane conversion observed under these conditions was 
stable, suggesting the rate of coke formation was small [28], and the average carbon atomic 
balance closed within 8%. The membrane was tested under these conditions for approximately 
190 hours and the hydrogen permeate purity remained above 99.2% over this duration. The 
membrane was then heated to 511 ºC while keeping all other parameters the same. The hydrogen 
flux increased, as anticipated, to 0.14 mol/m2/s and both the methane conversion and hydrogen 
recovery increased to 94% and 82%, respectively. The permeate purity slightly improved and 
remained above 99.5% over the course of testing (~170 hours). 
In the next segment, the furnace temperature was set at 600 ºC while other parameters 
were kept constant. The testing system became unstable under these conditions with the 
temperature (as read from the thermocouples) fluctuating rapidly (568 ± 15 ºC every 30 min). 
Under these conditions, the system appears to be heat transfer limited - that is the amount of heat 
absorbed by the endothermic SMR reaction is not balanced by the amount of heat supplied by the 
electric furnace. With a rapidly changing temperature, the methane conversion and membrane 
permeance were both simultaneously affected, resulting in fluctuating hydrogen flux, conversion 
and recovery. Despite these observations, the hydrogen purity remained above 99.5% under 





In an attempt to stabilize the testing system, the space velocity was increased to 430 
L/h/kg (GHSV = 342 h-1) while keeping the furnace temperature set at 600 ºC with other 
operating parameters unchanged. In so doing, the thermocouple temperature reading stabilized at 
534 ºC for the duration of the test (~ 50 hours). It was also observed that by increasing the space 
velocity, the hydrogen flux increased and remained stable at 0.24 mol/m2/s. Due to the increase 
in hydrogen permeation, the purity also increased slightly and remained above 99.7%. The 
average methane conversion was 88% and a lower hydrogen recovery of 64% was realized. The 
relatively better performance observed under these condition (mainly accredited to the higher 
space velocity) is attributed to the mitigation of concentration polarization - an unfavorable 
phenomenon that normally results in reduced flux and purity. Additionally, the lower hydrogen 
recovery can be attributed to the lower methane residence time that resulted from a higher space 
velocity. Such observations were also observed and discussed in Chapter 5. 
In the last segment of the experiment, the membrane was cooled down to 511 ºC and the 
space velocity was changed back to 185 L/h/kg while keeping other operating conditions 
unchanged. Under these conditions, the membrane restored its performance to that of the 
previous 511 ºC segment, with similar hydrogen flux, purity, recovery and methane conversion 
being obtained. This suggests that the intrinsic properties of the membrane (i.e. hydrogen 
permeance and leak) did not change upon varying the operating conditions (in particular, thermal 
cycling). 
As discussed previously, one of the primary advantages of simultaneously removing 
hydrogen from the catalyst bed as it forms is the conversion enhancement compared to that of a 





obtained at 511 ºC, 2.8 MPa feed pressure and a space velocity of 185 L/h/kg, compared to an 
expected equilibrium shift of only 30 %. However, it can be argued that , the best performance 
was obtained at the higher space velocity of 430 L/h/kg and temperature of 534 ºC due to the 
increase in hydrogen production. Furthermore, the testing system, in terms of thermal 
fluctuations, was very stable under these conditions. At a fixed temperature, however, methane 
conversion usually decreases at higher space velocities due to the reduction in the residence time 
of the methane in the reactor. Nonetheless, the conversion of 88% was significantly higher than 
the predicted equilibrium shift under comparable operating conditions (35%). The stable 
performance of the Pd-Au membrane fabricated in this study can be compared favorably against 
some of the results in the literature - particularly those that were run under comparable 
conditions for similar durations. For example, Saric et al. [20] reported a hydrogen purity of 81 
% at 580 ºC after 900 hours of testing a 3.8 µm thick pure Pd membrane. A N2 sweep gas flow 
rate of 50 sccm was used in their study, whereas no sweep gas was used in the experiments 
presented here. As shown in Chapter 5, stable hydrogen flux and methane conversion were both 
stable for the 5.0 µm thick Pd-Ru membrane tested for similar duration under similar conditions. 
The permeate stream impurity levels, however, were much higher, resulting in a purity of about 
93%.  In another study, the Tokyo Gas group [19, 104] reported similar stability in terms of 
purity under comparable reactor pressures and space velocities. Nonetheless, the hydrogen purity 
obtained from the much thicker (~20 µm) Tokyo Gas foil membranes was higher than the values 
reported in this study (99.99 % compared to ~99.7 %). A selected summary of methane 
conversion data from different literature sources was summarized in Table 1.1, including the 





6.4 Pd-Au membrane characterization post SMR testing 
Several analytical techniques were performed after the MR tests to characterize the Pd-
Au composite membrane used in this study - primarily to verify/determine its thickness and 
composition. Surface and cross sectional SEM/EDS, XRD, XRF as well as ICP-AES were used, 
with the outcomes described below. 
In order to verify alloy formation and see if the anticipated Pd-Au single fcc phase was 
formed, XRD analysis was conducted, with the results shown in Figure 6.4. As can be inferred 
from the Figure, single XRD peaks are present between the Pd and Au peak locations (as 
determined from JCPDS database for pure metals). No peak shoulders can be observed, 
suggesting the presence of a single fcc phase for the Pd-Au alloy. In addition to verifying alloy 
formation, one can also estimate the Au composition given the shift in peak location using 
Vegard’s law [1, 11]. Using this method, the average Au composition was calculated to be 30 
wt.%. 
Figure 6.5 shows SEM surface (a) and cross sectional (b) images of the supported Pd-Au 
membrane. The average EDS Au surface composition for image (a) was found to be 28 wt.%, 
and the membrane thickness from image (b) was determined to be 5.0 µm. These results were in 
good agreement with the Au composition determined from XRD (30 wt.%) and thickness 
calculated using gravimetry (5.0 µm). 
Cross sectional EDS discrete spot scans of the Pd-Au membrane were then performed to 
indicate the extent of homogeneity in the alloy (Figure 6.6). As shown in the Figure, the Au 





represents excellent agreement with the surface EDS scan, and a narrow range of compositions 
suggests a fairly uniform Au distribution throughout the film. 
 
 
Figure 6.4 XRD spectra of the Pd-Au membrane compared to the JCPDS database for pure 
metals suggesting alloy formation. The average Au composition was determined using Vegard’s 
law [1] and was calculated to be 30 wt.%. 
 
 
Figure 6.5 SEM surface (a) and cross sectional (b) images of the supported Pd-Au membrane 
showing thickness in good agreement with that determined by mass gain after plating. Image (a) 
was taken in secondary electron mode while (b) was taken in back scattering mode. The average 






Figure 6.6 Cross sectional SEM micrographs and EDS discrete spot scans of the Pd-Au 
membrane.  The average EDS cross sectional Au composition is 29 wt.% .The arrows represent 
the direction of the scan and the solid black line is a second-degree moving average fit.  The 
SEM image to the right was taken in secondary electron mode while the one to the left was taken 
in back scattering mode.   
 
Table 6.1 provides a comprehensive summary of the thickness and Au composition of the 
Pd-Au membrane as determined by various analytical methods. In addition to estimating 
compositions by EDS and XRD, bulk compositions were also verified by XRF and ICP-AES. 
Overall, excellent agreement in the determined Au composition was observed using both bulk 
and surface methods, suggesting the formation of a homogenous Pd-Au alloy. 
 
Table 6.1 Thickness and composition of the Pd-Au membrane as determined by different 
gravimetric and analytical methods 
 
Method Thickness (µm) Composition (Au wt.%) 
MGa 5.0 - 
XRF 4.4 28 
SEM/EDS 5.0 28 (surface), 29 (cross sectional) 
ICP-AES - 27 
XRD - 30 






In this Chapter, a 5.0 µm thick Pd-Au composite membrane was tested under SMR 
conditions for more than 500 hours and showed stable performance in terms of hydrogen flux 
and purity at temperatures > 480 ºC, feed pressure of 2.8 MPa and SCR of 3. This reveals the 
potential suitability of this alloy to be a high temperature candidate for use in SMR membrane 
reactors. The permeate hydrogen flux was very stable which translated into stable methane 
conversion, and the hydrogen purity remained > 99.2% over the course of testing. Typical 
methane conversions were ~84 % which could be further improved by optimizing methane feed 
flow rates, or by optimizing the reactor design in terms of heat transfer and/or reactor geometry. 
Several analytical methods (SEM/EDS, XRD, XRF and ICP-AES) were used post SMR 
testing to determine the membrane’s thickness and gold composition. Excellent agreement 
among these methods was realized in determining the Au composition to be 28 wt.%. 







CONCLUSIONS AND RECOMMENDATIONS 
 
The long-term thermal stability of Pd-based composite membranes at high temperatures 
is essential for industrial operation, especially their application in membrane reactors for 
hydrocarbon reforming to produce hydrogen. As-prepared pure Pd membranes fabricated by 
electroless plating are susceptible to a loss in selectivity when operated at temperatures ≥ 550 ºC. 
The rate of defect formation growth in a Pd membrane is a thermally activated process 
that increases at a steady rate depending on the membrane’s thickness; thinner membranes will 
attain a constant, steady-state nitrogen leak permeance faster than thicker ones. Hydrogen 
permeance decline in Pd membranes observed at temperatures ≥ 550 ºC will ultimately stabilize 
after long-term operation and this effect appears to be independent of film thickness. Changes in 
the hydrogen permeance at high temperatures may be related to surface kinetic effects [98]. 
In this thesis, two main approaches were investigated to improve the thermal stability of 
Pd-based composite membranes; alloying Pd with a higher melting point element and performing 
high temperature annealing on the as-prepared membranes.  
Doping Pd with higher melting point metals (such as Ru or Pt) seems to have a great 
impact on the thermal stability of the membrane. Each alloy showed a different pattern of 
thermal stability behavior compared to a pure Pd control membrane of comparable thickness 
under similar conditions of temperature and pressure. The addition of Pt and/or Ru to Pd thin 
films (< 10 µm in thickness) improves the thermal stability of the resulting alloy by lowering the 





wt.% Pt to Pd lowers the inert gas leak evolution rate by approximately one order of magnitude 
at 600 ºC. Unlike pure Pd, Pd-Pt alloy supported thin film membranes possess stable pure 
hydrogen permeance when operated at temperatures as high as 600 ºC. 
By lowering the Pt content in the Pd-alloy from 27 to 17 wt.%, the hydrogen permeability 
increased but remained lower than a pure Pd membrane. The nitrogen leak growth rate also 
increased.  The membrane, however, was still more thermally stable than pure Pd one evidenced 
by a lower leak growth rate. Such observation might suggest the existence of a trade-off 
relationship between thermal stability/hydrogen permeance and the Pt content in the Pd-alloy. 
Performing high-temperature annealing (above the Taman temperature of pure Pd) on Pd 
membranes deposited by electroless plating was shown to result in a denser microstructure that 
appears to correlate with improved thermal stability when the membranes are subsequently 
operated at lower temperatures. Thermal stability in pure hydrogen or nitrogen may also indicate 
stable performance under mixed gas conditions similar to those described in this thesis. 
The long term (> 500 hours) operation on the 5.0 µm thick Pd-Ru and Pd-Au composite 
membranes revealed the potential suitability of these alloys to be high temperature candidates for 
use in SMR membrane reactors. The permeate hydrogen flux was stable which translated into 
stable methane conversion. Typical methane conversions were ≥80% which could be further 
improved by optimizing the reactor design, heat transfer and/or reactor’s geometry. 
The results discussed in this thesis calls for further investigations to better understand 
and/or improve the thermal stability of Pd-based composite membranes. Below is a list that 





- Evaluating the influence of alloy composition on the thermal stability of the Pd-based 
membranes: It is well known that alloy composition affects intrinsic material 
properties such as hydrogen permeability, chemical tolerance, and tensile strength 
[57, 59, 97, 107], however, it would be interesting to study how the alloy composition 
would affect the thermal stability and whether there is a composition-property 
correlation that can be determined. While this has been addressed for the Pd-Pt alloys, 
it would be interesting to see effect of changing the Ru and/or Au composition on the 
permselectivity stability at high temperatures. Both of these alloys behaved fairly well 
under SMR conditions, the optimum composition, however, that will maximize the 
hydrogen permeance without scarifying the thermal stability has not been determined. 
- Based on the results obtained in Chapter 4, performing SMR membrane reactor tests 
on pure Pd membranes might be necessary. It would be interesting to see how a heat 
treated Pd membrane would behave under SMR conditions compared to one that is 
tested as-prepared (i.e. without heat treatment). 
- The influence of Au addition to Pd on thermal stability under SMR reactor testing: 
The Pd-Au alloy membrane described in Chapter 6 was shown to be more thermally 
stable than the Pd-Ru membrane (Chapter 5). The hydrogen permeance for the Pd-Au 
membrane, however, was lower that the Pd-Ru membrane. It would be interesting to 
further investigate why Au additions to Pd resulted in such improved thermal stability 
behavior under SMR, despite it has a lower melting point than Pd. This might suggest 
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SIMULATION OF A PALLADIUM-RUTHENIUM MEMBRANE REACTOR FOR 
HYDROGEN PRODUCTION VIA THE STEAM REFORMING OF METHANE 
 
A one-dimensional, plug-flow membrane reactor transport model was developed using 
kinetic data from literature [4, 106] in order to qualitatively predict the effects of reactor pressure 
and to investigate the possibility of performance limitations such as concentration polarization 
effects that is believed to reduce the effectiveness of the Pd-Ru reactor described in Chapter 5. 
A.1 Model assumptions 
The geometry of the reactor is given in Figures A.1 and A.2. The tubular Pd-Ru 
composite membrane is inside the cylindrical shell, and the catalyst is in the annular space. A 
sweep gas may be used on the permeate (low pressure product) side of the membrane; however, 
it was not used in these simulations. Figure A.2 shows the control volumes for the development 
of the component mole balance equations. In developing these simulations, the following 
assumptions were used: 
• Plug flow on both feed and permeate sides, 
• Steady-state and isothermal operation (the temperature was assumed to be an average of 
the temperatures measured at the feed inlet and at the center of the membrane inside the 
lumen),  





• Kinetic data from the literature [106] will describe reactions (1.1)-(1.3). These rate 
equations are given in Tables A.1 and A.2. 
• No boundary layer development at membrane feed surfaces, 
• Only hydrogen can permeate through the membrane so the membrane is perfectly 
selective, 
• The hydrogen flux through the Pd-Ru membrane will be given by the rate equation in a 
subsection to follow. 
 
 
Figure A.1 Schematic of cylindrical membrane reactor laboratory apparatus from Tong, et al. 







Figure A.2 Diagram showing control volume for preparing the differential balances for the 
membrane reactor [3].  Assumptions include: plug flow on both feed and permeate sides, steady-
state, isothermal operation, kinetic data from the literature [3, 4] and no boundary layer 
development at membrane feed surfaces. 
 
As mentioned before, membrane reactor performance is limited by membrane surface 
area, hydrogen partial pressure driving force, membrane hydrogen permeance, and reaction 
kinetics [4]. The objective of these simulations is to determine how methane conversion depends 
on process parameters such as reactor temperature, pressure and space velocity. 
A.2 Approach 
In solving this simulation problem, a shell balance approach was utilized in setting up the 
relevant differential equations along with the appropriate initial and boundary conditions 







Table A.1 Reaction rate coefficients (ki) for equations (1.1)-(1.3).  Here i refers to the particular 
reaction, A is the pre-exponential factor, EA is the activation energy, R is the ideal gas constant 






Table A.2 Adsorption/desorption equilibrium constants (Ki) for the species i, where i refers to 
either CH4, H2O, CO or H2, B is the pre-exponential factor, ΔHA is the enthalpy, R is the ideal 














KCH4 6.65×10-3 MPa-1 -38.28 
KH2O 1.77×105 88.68 
KCO 8.23×10-4 MPa-1 -70.65 
KH2 6.12×10-8 MPa-1 -82.90 
 
• The set of differential equations was then solved using the built-in STIFF solver setting 
in Polymath®.  The partial pressures for all species were calculated by first determining the 











Constant A EA (kJ/mol) 
k1 1.336×1015 mol.MPa0.5/(gcat.h) 240.1 
k2 1.955×107 mol/(MPa.gcat.h) 67.13 





molar flow rate.  Then, the mole fraction was multiplied by the total pressure. The solution 
allowed the calculation of the methane conversion as well as the hydrogen production rate.   
• In order to validate the model, a comparison of the calculations for an equilibrium 
reactor (setting the hydrogen permeance to zero to solve the no-permeation case) to the data 
generated from Chapter 5 was made. 
• The influence of the operating variables on the methane conversion such as feed 
pressure, temperature and space velocity was addressed. 
A.2.1   Reactor, catalyst, and membrane data  
As shown in Figure A.2, the following reactor dimensions were used in the model to 
allow direct comparison to the experimental data generated in Chapter 5: 
• Reactor length = L = 4.07 cm. 
• Inner radius of reactor shell = ro = 0.85 cm. 
• Outer radius of membrane = ri = 0.532 cm. 
• Methane feed flow rate = NCH4 = 0.62 mol/h. 
• SCR = m = 3. 
• Catalyst density = ρcatalyst = 1.38 g/cm3. 
• Ni catalyst mass = 52.3 grams. 
• Feed stream pressure = between 0.8 to 3.5 MPa. 
• Permeate side pressure = 0.1 MPa = 1 bar. 







A.2.2 Membrane flux equation 
The parameters in equation A.1 below, an empirical pure hydrogen flux equation, were 
obtained from high temperature measurements (500–600 °C) with a 3.2 µm thick pure Pd 
composite membrane and a series of measurements with Pd membranes of varying thicknesses 
[97]. It was previously shown in Chapter 3 that the effective permeability of the Pd-Ru coplated 
membranes on identical supports is the same as pure Pd [8, 57]. 




pH2 , feed − pH2 ,permeate⎡⎣ ⎤⎦  
(A.1) 
Where: 
















Qo = pre-exponential factor = 1.726 • 10-2 mol/m2/s/Pa0.5. 
Ep/R = activation energy/gas constant = 1,159 K. 
T = absolute temperature in K. 
δ = Pd-Ru membrane thickness in meters. 
pH2 = hydrogen partial pressure in Pa. 
A.2.3 Kinetic rate expressions for reactions (1.1) – (1.3) [4, 106] 
R1 =
k1 pCH 4 * pH 2O −














k2 pCO * pH 2O −








                                                                                            (A.4) 
R3 =
k3 pCH 4 * pH 2O








3.5 *D2                                                                                           (A.5) 
D =1+KCH 4pCH 4 +KH 2OpH 2O / pH 2 +KCOpCO +KH 2pH 2                                                             (A.6) 
Where:  
pi = partial pressure of species i. 
k1 – k3 = reaction rate constants for reactions (1.1) – (1.3) 
K1 – K3 = equilibrium constants for reactions (1.1) – (1.3) 
Ki = adsorption constant of species i. 
The reaction rate coefficients and the adsorption constants were given in Tables A.1 and 
A.2, respectively. 




T ,  T in K, units of K are MPa2                                                              (A.7) 
K2 = 1.26 ⋅10
−2e
4639





K3 = 1.2226 ⋅10
9e
-22069
T ,  T in K, units of K are MPa2                                                                (A.9) 
A.2.5 Differential material balances 







Pπ 2ri pH2, feed − pH2,permeate( )
δ
+ (3R1 + R2 + 4R3)π ro
2 − ri
2( )ρcatalyst






2( )(R1 + R3)ρcatalyst






2( )(R1 + R2 + 2R3)ρcatalyst






2( )(R1 − R2 )ρcatalyst






2( )(R2 + R3)ρcatalyst












Pπ 2ri pH2, feed − pH2,permeate( )
δ                                                                            (A.15) 
Where:  
Ni = molar flow rate of species i. 
z = axial distance from inlet. 
